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ABSTRACT
The growth and characterization of epitaxial thin films see ubiquitous use in both research and
applications spanning a number of scientific and industrial fields with overlapping interests in
materials science. The central theme of this work centers on leveraging the structural control
afforded through the ultrahigh vacuum (UHV) approaches to thin-film epitaxy to derive atomically
specific structure-chemistry relationships of key importance to various interface-mediated
reactions. The first project was aimed at developing gold (Au) and ceria (CeO2) thin films using
advanced surface-science techniques. In that project, a thoroughly wetted Au film on Ta metal
substrate has been identified. This model system is necessary due to its potential candidacy as a
promising electro-catalyst for oxygen reduction reaction (ORR) in proton exchange membrane
fuel cell cathodes. The second film is CeO2(100), grown on a silver (Ag) single crystal substrate.
Cerium oxide is a fascinating material with unique properties and has applications in many fields.
The (100) plane of ceria is particularly interesting because it is the most active plane among the
low index planes. Here in-situ growth of ceria islands on Ag has been reported.
The second project is related to a detailed exploration of efforts undertaken to better understand
key structure-chemistry relationships central to water cycling processes relevant to the continual
evolution of the Lunar surface under the influence of Solar wind interactions. This project has been
discussed in two parts - the first part shows the results from D2O temperature programmed
desorption (TPD) studies conducted on single-crystalline AlxSiyO2/Ru(0001) bilayer films used to
simulate surface properties expected at Feldspar interfaces. This discussion, which aids in the
disambiguation of a standing discrepancy in the surface science and zeolite communities, lead to
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a key postulate linking the nature of the charge-compensating species present in different [A+]xAlySizO2 mineralogical structures to the barrier for deprotonation via recombinative desorption of
water and the lower temperature persistence of molecular water at temperatures relevant to the
daytime environment of the lunar surface at different latitudes. A follow-up study demonstrates
practical implications of this postulated relationship on realistic anorthite and albite end members
of the plagioclase series of Feldspars, with anorthite (albite) exhibiting stronger (weaker) barriers
to recombinative desorption of water via deprotonation of isolated hydroxyl groups.
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INTRODUCTION
1.1

Background

The thin film can be defined as the two-dimensional (2D) or three-dimensional (3D) layers
of materials on the substrate; size ranging from few nanometers to micrometer. Due to the
dimension constraint in the c-axis, there is a tremendous increase in the surface area-to-volume
ratio, making the thin film materials different from their corresponding bulk materials. The
differences can be seen in electronic, optical, chemical, and physical properties. The constrained
film thickness allows us to use modern surface science techniques to investigate the film properties
and surface reactivity. The applications of thin films have been widened due to improved
properties compared to their bulk counterpart. Uses in different fields, like microelectronics,
optical devices, semiconductor industries, biomedical devices, solar industries, make it a desirable
candidate for study in both research and industrial areas. The development of novel oxide films
and new advanced knowledge of thin-film growth mechanisms with improved physical and
chemical properties are stringent requirements to develop and extend the functionality of the thin
films.
It is hard to obtain a mechanistic understanding of the surface structure and surface
chemistry of the surface in the real system. Probable reasons could be inadequate experimental
techniques and experimental environment. Therefore, a robust improvement in technology was
necessitated in the field of surface science back in the 1960s. It has been started with the
instrumentation of vacuum technology, and the use of electron spectroscopy in the 1960s
continued with high fidelity computational model-based studies in the 1970s and accelerated with
1

the revolution of semiconductor microelectronics and the invention of new methods to probe the
surface at the atomic level in 1980s. Since then, a remarkable transformation occurred in the
research and development fields of surface science, exploiting the interplay between theoretical
concepts and technologies. The blend of new ideas in the interdisciplinary area of research is
continuing with the surface science investigations of insulating materials and stabilization of
otherwise inaccessible interfaces, analyses of more complicated systems, for example, liquid-solid
interfaces and sensitive biological samples, engineering the isolation of well-ordered conductors,
development of industrially scalable devices.
A substantial part of the thesis is on metal oxide thin film growth. The ubiquitous nature
of oxides and potential applications of metal oxide thin film made it essential to thoroughly
understand the structure and properties of oxide surfaces. The field of applications includes
catalysis,

mineralogy,

geochemistry, electrochemistry,

electronics, etc. For

example,

aluminosilicate or zeolite is widely used in the chemical industry (Yilmaz & Müller, 2009), the
study of silica (Schaible, 2014; Zeller, 1966)/silicates, which are ubiquitous minerals in both earth
and airless planetary bodies, give important information about the hydroxyl/water chemistry
evolution, cerium oxide is widely used oxides in water-gas shift reactions and so on. In this thesis,
the surface science techniques have been adopted to grow the thin film, characterize and
understand the film's properties, and the surface-science investigations of the film to understand
the complex phenomena in atomic scale details, e.g. the water sequestration on the film suface of
the Moon.
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The study of a metal oxide film is relatively recent in surface science history. The reasons
behind such delay are the complexity in crystallographic structure, physical and chemical
properties, and the electronic structure of metal oxides compared to the metals and semiconductors.
For example, a range of oxidation states and their intermediate phases are possible for transition
and rare earth metals. Such chemical complexity becomes more severe for oxide surfaces
regarding reproducibility with known composition and properties and a possible wide range of
chemical interactions upon chemisorbed molecules. The non-stoichiometric states can also
introduce defects in the oxide structure, thus influencing the electronic and chemical properties of
the surface.
The practical difficulty of producing metal oxides arises due to the insulating nature of
materials. As many surface-science characterization techniques involve the emission or absorption
of charged particles, metal oxides’ poor conductivity can lead to the surface charging effect and
hence inhibit the whole measurement process. Furthermore, metal oxides are poor thermal
conductors, meaning heating is not homogeneous in the bulk sample. These poor electrical or
thermal conductivities rule out the bulk metal oxide preparation processes, like, in situ cleavages
within ultra-high vacuum (UHV) chamber or ex-situ cutting the single-crystal metal oxide and
then in situ processing of the crystal.
A more accessible way of using surface science tools was the epitaxial film growth of metal
oxide thin film on the single crystal substrate (H. J. Freund, 1997; Tobergte & Curtis, 2013; Xie
et al., 1994). Film thickness can be varied from a few-layer of thickness to very thick film (bulk
counterpart). However, an optimum thickness (> 5 nm) is required for using charge carrying
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techniques, and to control the electronic structure of the film (H. J. Freund & Pacchioni, 2008; N.
Nilius et al., 2011; Niklas Nilius, 2009; Risse et al., 2008; Schlom & Mannhart, 2011). Film
continuity should also be considered as a vital concern during adsorption and reactivity studies.
Such adsorption and reactivity studies are successfully done on fully covered substrates by oxide
films (Rupprechter & Freund, 2000; St. Clair & Goodman, 2010).
Another advantage of thin-film growth over the bulk sample surface preparation is the
control and the crystallinity of the film. Using the epitaxial thin film growth approach, the growth
conditions can be controlled that provide control over physical properties (Chen et al., 2002; Zhao
et al., 2012) and crystallinity of the film. Moreover, a variety of possible surface configurations
and termination can be achieved through epitaxial growth. Epitaxial growth is a particular case of
growth where the overlayer has the same structure as the substrate, and the overlayer changes its
lattice parameter to match the substrate, i.e., the pseudomorphic layer grows on the substrate. The
growth mechanism can be classified in homoepitaxy and heteroepitaxy depending on the lattice
mismatch between the film and the substrate interface. The difference in lattice parameters
determines whether the interface will be relaxed or strained.
The reactivity of the oxide surface can be modified by tuning the structure. Oxides are stiff
materials and thus need a large amount of energy compared to metals to deform the lattice. But,
the situation is different when oxide thin film is grown on the metal substrate; lattice deformation
occurs upon perturbation, and this implies the charge accumulation on the oxide surface. This
physical phenomenon of lattice distortion is called polaronic distortion and is not observed in thick
film (e.g., eight layers thick film) in general. Therefore, due to the combination of geometric
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structure and associated electronic structure, the thin oxide film can control charge accumulation
on the surface oxides or the charge transfer from the metal to the adsorbed species on the surface,
thereby triggering the chemical reactivity. Such enhancement of chemical reactivity has been
observed in ultrathin metal oxides through CO (carbon monoxide) oxidation in low-temperature
regimes, for example, Pt/Fe3O4 (Y. N. Sun et al., 2009), MgO/Ag (Hellman et al., 2009), or FeO/Pd
(Chemie et al., 2010).
1.2

Thin-film growth

In this thesis, epitaxial, two-dimensional thin films of a few monolayers (few nanometers of
thickness) have been discussed. In general, the crystalline structure of the substrate is used as the
template for the growth of this film structure. Various control parameters, like, lattice and
thermodynamic parameters, control the growth of the film. When the atoms are attached to the
surface, the surface atoms change their arrangement (like bond length and angle, bond energy
atomic density, etc.) to accommodate the foreign atoms, and accordingly, surface energy changes.
The nature of the growth mode of the heteroepitaxial film depends on the relationship between the
surface/interface energy of the substrate and the film (Ohring, 1992). For the wetting angle 𝜑, the
equilibrium force along the substrate surface requires (figure 1-1),
𝛾𝑠 = 𝛾𝐹 + 𝛾𝑆/𝐹 𝑐𝑜𝑠𝜑
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(1)

Figure 1-1: Schematic of an island growth of the deposited film on a substrate with contact angle
and energies
where 𝛾𝑠 , 𝛾𝐹 , and 𝛾𝑆/𝐹 are the surface tension/energy between substrate-vacuum, film-vacuum, and
substrate-film. Using (1), we can have different conditions, such as,
(i)

𝜃=0 ,

𝛾𝑠 ≥ 𝛾𝐹 + 𝛾𝑆/𝐹

2(a)

(ii)

𝜃 > 0,

𝛾𝑠 < 𝛾𝐹 + 𝛾𝑆/𝐹

2(b)

The minimization of free energy is always favorable. The favorable free energy can be obtained
by maximizing the area of the lowest energy surfaces and minimizing the interface (substrate-film)
energy. From the thermodynamic point of view, there are three different thin-film growth modes
(Fenter, 1997).
For equation (2a), complete and continuous monolayer growth will take place to minimize the
surface energy and maximize the interface energy, resulting in complete wetness of the substrate.
This growth is called Frank-van der Merwe or layer-by-layer growth, schematically presented in
figure 1-2(a). The lattice parameter and chemistry between the substrate and the film should be
compatible. The deposited atoms are more strongly bound to the substrate than to each other; thus,
6

the adatoms form an island of complete monolayer before developing a new atomic layer on it. In
the case of dissimilar substrate-thin-film pairs, a small lattice mismatch appears, and interfacial
energy becomes lower. The growing film first completes a monolayer, and then the subsequent
layers grow until a critical thickness (13) is reached. The critical thickness does not allow the
monolayer growth anymore, and layers start to relax due to the commencement of strain relief.
For equation 2(b), the opposite incident happens, meaning the deposited atoms nucleate and
grow as a three-dimensional cluster/nucleus. This growth is termed as Volmer-Weber or island
growth, presented in figure 1-2(b). The incoming atoms are more strongly bound to each other
than to the substrate. The film covers the minimum area by three-dimensional growth to minimize
the interfacial energy, and in this way, the growth mode is energetically favorable. The threedimensional nuclei formation depends on the physical and chemical nature of the substrate, energy
and the rate of the incoming atoms, temperature, and or the distribution of active sites. The
nucleation process terminates when the nuclei are thermodynamically stable with minimum cluster
size, called critical cluster size. The isolated nuclei form in this way. Then, in the next step, the
size of the existing nuclei increases upon the availability of more adatoms.
In the third growth, which is called Stranki-Kastanov or layer-plus-island, the initial few
monolayer growths are layer-by-layer, and then the film growth changes into island growth, figure
1-2(c). The reason for this kind of growth is the disturbance in the layer-by-layer growth. The
lattice of the film tries to match with the substrate at the expense of elastic deformation energy.
When the elastic strain exceeds the adhesion force range between the substrate-film after a few
monolayer growths, then layer growth changes to the island.

7

Figure 1-2 Three different film growth modes (a) Frank-van der Merwe (layer-by-layer), (b)
Volmer-Weber (island), and (c) Stranki-Kastanov (layer-plus-island).

1.3

The motivation of the research

Well-ordered epitaxial, single-crystalline thin films are receiving attention in recent years
due to their superiority over polycrystalline films. The various applications of the single-crystalline
metal or complex oxides thin film in different disciplines urge the detailed understanding of the
thin film development process and the atomic-level understanding of the chemical reactivity of the
adsorbed molecules on these surfaces. The objectives of this research work are oriented to,
(i) Development and characterization of thin-film and
(ii) Applications of surface science techniques to understand the surface structure and the
chemistry on the sample surface for thin film and bulk samples.
This thesis includes the epitaxial growth of single-crystalline film on substrates, namely,
gold on tantalum, cerium oxide on silver, and aluminosilicate on ruthenium. The thin films’
development, characterization, and surface-science investigations were conducted using surface
science tools within the ultra-high vacuum chamber.
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The first epitaxial film discussed in this thesis is the gold (Au) thin film formation on
tantalum (Ta) substrate. A novel approach has been attempted with Au/Ta system to be used in the
proton exchange membrane fuel cell (PEMFC). PEMFC is an excellent candidate for the ecofriendly, high efficient, renewable energy source in the automotive industry (W Vielstich, A
Lamm, 2003). However, certain limitations of PEMFC need to be overcome to compete with the
existing automotive infrastructures. One of the key limitations of the fuel cell is the sluggish rate
of the oxygen reduction reaction (ORR). To date, platinum (Pt) (Nie et al., 2015; Schmidt et al.,
2001) or platinum group elements (PGE) (Antolini, 2014; Jukk et al., 2013; Zaikovskii et al., 2006)
are the prospective candidate for the effective catalyst for ORR. However, several drawbacks are
associated with Pt or PGE materials, like, these materials are expensive and not available, as well
as the activity towards ORR is not satisfactory (Ramaswamy & Mukerjee, 2012; Sasaki et al.,
2009). The density functional theory (DFT) study suggests a number of active element/metal
structure (AE/MS) systems that can facilitate ORR (Stolbov & Zuluaga, 2013). The search for
AE/MS system focus on the metals being electrochemically and thermodynamically stable and
highly active towards ORR. A study (Campbell et al., 2020) shows, Au can be suitable for active
elements (AE) for its high dissolution potential and thus high electrochemical stability. This study
also suggests the Ta as the metal substrate in AE/MS system as Au-Ta has higher binding energy,
which makes Au/Ta (AE/MS) structure thermodynamically stable. Furthermore, the higher
binding energy in Au-Ta provides higher dissolution potential for Au/Ta is (1.86 V/SHE) than that
of Pt (1.18 V/SHE) (Standard hydrogen electrode or SHE is the reference electrode against which
cell potentials are calculated for different electrodes). The overall stability and activity of the
Au/Ta make it a suitable ORR catalyst.
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Although metal oxides are new to the surface science field, the increasing industrial and
medical applications of oxide films made the metal oxide thin film study inevitable. Cerium oxide
or ceria (CeO2) is one such metal oxide with applications in different disciplines, catalysis (Kašpar
et al., 1999), fuel cells (Faro et al., 2020; S. Park et al., 2000), electrochromic thin-film applications
(Özer, 2001), biotechnology (Asati et al., 2009; Tarnuzzer et al., 2005), and environmental
chemistry (C. Sun et al., 2012). This wide range of applications focuses on low-dimensional ceria
structure investigations, which have greater reactivity. Most of the groups approached the thin film
growth with CeO2 (111) plane (Dvořák et al., 2011; Lu et al., 2006; Paola Luches & Valeri, 2015;
Rodriguez et al., 2007), whereas the most active plane for CeO2 is the (100) plane. In this thesis,
phase-specific, single-crystalline, epitaxial CeO2 (100) thin-film growth has been attempted on
Ag(100) single crystal.
The third thin film is another oxide film, aluminosilicate, a significant structure to study
because of its versatile applications, including zeolite chemistry and geochemistry. Surfacescience investigation of 2D silicate film has been researched thoroughly(J. Anibal Boscoboinik et
al., 2013; J. Anibal Boscoboinik & Shaikhutdinov, 2014; Jorge Anibal Boscoboinik et al., 2012;
Dawson et al., 2013; J. H. Jhang et al., 2017; Shaikhutdinov & Freund, 2013; Stacchiola et al.,
2006; Tissot et al., 2016). Cation-rich aluminosilicate is the base structure of the zeolite. Here, a
single-crystalline, hexagonal aluminosilicate structure has been grown in ruthenium, Ru(0001)
single crystal. The protonated film is interesting to investigate the catalytic activity of 2D zeolite.
Previous contradictory results (J. Anibal Boscoboinik et al., 2013; J. H. Jhang & Altman, 2019) of
protonated aluminosilicate structure motivated to work with aluminosilicate with different
approaches using temperature programmed desorption technique. In addition to catalytic activity
10

investigation, the film has been studied to investigate the support (Ru) effect on the film and the
structural-reactivity relationship for different aluminosilicate structures.
Metal oxide study is also crucial in geochemistry/mineralogy as the planets’ surface is
composed of different minerals. The surface science approach to planetary science is becoming
appealing day-by-day due to the ability of minuscule and in-detail description of different spacerelated processes, like, regolith transformation, chemical, and physical changes due to radiation
effects, possible causes of volatiles sequestration, the formation of complex organic molecules,
etc. In addition to zeolite chemistry, protonated aluminosilicate is also interesting in geochemistry.
Feldspar is common in planetary bodies, like the Moon, and the feldspar family includes different
cation-rich aluminosilicates; thus, the basic structure of feldspar is an aluminosilicate. Protonated
aluminosilicate is particularly interesting to probe because it can act as a prototype oxide found in
the lunar surface (solar wind implantation on the feldspar-rich regolith). Surface science study of
the protonated oxide film can approximate the binding mechanism of water on the regolith.
Experiments have been conducted for SiO2 within (Schaible, 2014) and out of the UHV chamber
(Zeller, 1966) to study the radiation effects on lunar minerals. No fundamental studies have been
attempted before to investigate hydroxyl chemistry at the atomic level.
A comparative study of the two lunar simulants – anorthite and albite, members of the
feldspar family can predict the charge species contribution to the water/hydroxyl binding energy
for the regolith. Anorthite is Ca-rich aluminosilicate, and albite is Na-rich aluminosilicate. Surface
science techniques have been exploited before to investigate the chemical and electronic structure
of the rock samples (Kloprogge & Wood, 2015), desorption activation energies for lunar simulants
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and lunar samples (Poston et al., 2013, 2015), radiation effects on lunar rock samples (Burke et
al., 2011). Here we aimed to investigate the competitive charge species contribution to the water
species chemistry evolution for the two feldspar minerals.
1.4
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EXPERIMENTAL DETAILS
2.1

Introduction

In this work, the metal/metal oxide thin film grown on a metal substrate using the physical
vapor deposition method. The films are characterized with the surface science tools, including Xray Photoemission Spectroscopy (XPS), Low Energy Ion Spectroscopy (LEIS), and Low Energy
Electron Diffraction (LEED) techniques. The surface chemistry has been studied using the
temperature program desorption (TPD) technique. The basis for the thin-film growth process and
the working principle for the characterization techniques are discussed below.
2.2

Thin-film growth process: E-beam Physical Vapor Deposition

The basis of the thin-film growth mode has been discussed in the introduction. There are
different techniques to grow a film on a substrate through the deposition process. These techniques
involve different processes in terms of working principles and experimental set-up for growing the
film. In this thesis, electron beam-assisted physical vapor deposition or PVD (Vapor deposition)
has been utilized to grow the film on a substrate. The E-beam PVD technique can provide
significant evaporation for the metals with a high vapor pressure at a reasonable temperature
(Schiller S., 1978). The vapor pressure curve gives the idea about the deposition rate of commonly
used metals as a function of temperature.
Vapor pressure, evaporation rate, and deposition rate are the important parameters in analyzing the
e-beam physical vapor deposition method. Vapor pressure is defined as the equilibrium pressure
of material near the solid or liquid surface within the UHV chamber. Vapor pressure is localized
21

pressure and higher than the UHV chamber pressure. Below the vapor pressure limit, evaporation
is faster than condensation. The vapor pressure for an element is given by the Clausius-Clapyeron
equation. But, empirical formulas are more useful in finding the vapor pressure.

,
Figure 2-1: Vapor pressure curve for commonly evaporated materials
(https://www.osti.gov/servlets/purl/1145751)
2.2.1 E-beam Evaporation deposition
EBE-4 (electron beam evaporator) is the evaporator used here, which has four different
pockets for placing evaporated material in rod form or in the crucible (depending on the material
used for evaporation), each with a maximum power of 300 W.
The purpose of the evaporator is to deposit a material on a substrate in a controlled way. To
do so, a sample is placed within a UHV chamber (10−10 Torr) in front of the evaporator. The
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working distance between a pocket and sample depends on the sample diameter. The schematic
diagram shows the e-beam evaporation process. A beam of the electron is generated from a heated
cathode (tungsten filament) and is accelerated using kV range potential towards the sample, which
is in ground potential. The high energetic e-beam hits the sample, then kinetic energy converts into
thermal energy and heats the sample surface.
At the evaporation temperature, the atoms or molecules leave the target in the ‘line of sight’
trajectory and precipitate on the substrate, which is at or below room temperature. A flux electrode
is located in front of the pocket, which collects a portion of the ion current during evaporation to
give an idea about the total amount of material evaporated. The thickness of the deposited thin
layer film is a function of the evaporation rate, the shape and relative arrangement of the source
and the substrate, and the time of evaporation. Under UHV conditions, the e-beam evaporation
method provides contamination-free, pure, good-quality thin films.

Figure 2-2: Schematic diagram of e-beam evaporation technique
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2.3

Sample characterization techniques

2.3.1 X-ray Photoemission Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a widely used, powerful, and excellent
technique for the qualitative or quantitative analysis of surface elements and chemical or electronic
state analysis of the elements present on the surface within the ultra-high vacuum chamber. In
general, sufficiently high photon energy from a soft X-ray source knock off a core electron from
the surface, and the photoelectron is driven to the analyzer for energy-spectrum measurements.
Although the X-rays have the penetration depth of hundreds of nanometer or more, elastic and
inelastic interactions of the photoelectrons with the sample atoms limit this measurement process
up to a few nanometers (1-10 nm).
The basic principle of these surface-sensitive techniques is based on Einstein’s
photoelectric effect (Andrade, 1985). Figure 2-3 is showing a schematic of the photoelectric
process in the XPS technique.

Figure 2-3: Basic principle of XPS technique
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The material surface irradiated with X-ray photon of energy ℎ𝜈, where ℎ is the Planck’s
constant, 𝜈 is the frequency of the photon radiation, leads to the adsorption of the energy with a
valance/core electron. The electron from the atom can be knocked off or knocked out depending
on the kinetic energy of the photon. If the kinetic energy of the photon is greater than the binding
energy of the electron, then the electron will come off the atom. The X-ray source with known
photon energy, ℎ𝜈 can be utilized to determine the binding energy of the electron when the kinetic
energy is determined with the electron energy analyzer; the equation following this statement is:
𝐸𝐾𝐸 = ℎ𝜈 − 𝐸𝐵𝐸 − 𝜙𝑠

(2.1)

where 𝐸𝐵𝐸 is the binding energy of the electron with respect to the Fermi level, 𝐸𝐾𝐸 is the kinetic
energy of the photon and 𝜙𝑠𝑝𝑒𝑐 is the sample’s work function.
When the sample and the analyzer are connected, then they are electrically neutral, and the
fermi levels are in equilibrium. If 𝜙𝐴 is the work function of the analyzer, then the potential
difference experienced by the photoelectrons is given by the difference ∆𝜙 = 𝜙𝑆 − 𝜙𝐴 , ∆𝜙 is
termed as contact potential. Then equation (2.1) can be written as,
𝐸𝐾𝐸 = ℎ𝜈 − 𝐸𝐵𝐸 − 𝜙𝑠 + 𝜙𝑠 − 𝜙𝐴 = ℎ𝜈 − 𝐸𝐵𝐸 − 𝜙𝐴

(2.2)

Therefore, the binding energy measured by the analyzer is given as,
𝐸𝐵𝐸 = ℎ𝜈 − 𝐸𝐾𝐸 − 𝜙𝐴

(2.3)

In equation (2.3), the photon energy of the source is a known quantity. If 𝜙𝐴 is calibrated,
the 𝐸𝐾𝐸 of the photoelectrons determine the 𝐸𝐵𝐸 .
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The 𝐸𝐵𝐸 is a characteristic feature of an individual element. 𝐸𝐵𝐸 is calculated from the XPS
spectra, plotted in the form of the number of photoelectrons vs. 𝐸𝐵𝐸 , provide the information of
the elements present in the sample. The relative intensities of these elements reflect the
stoichiometry of the sample. In addition to the individual spectra for each element, there is a
continuous background as a result of the inelastic scattering of the escaped photoelectrons from
the sample. The shape and width of the peak, degree of asymmetry, and even the shape of the
background contain important information about the sample surface.
The precise value of the binding energy also depends on the chemical state of the atom.
The change in the binding energy (or XPS peak position) is called a chemical shift. Both initial
state effects (chemical bonding) and final state (core hole screening, relaxation of electron orbitals,
polarization) effects have contributed to changing binding energy or the peak position.
The basic setup for the XPS apparatus is shown in figure 2-4. It includes an X-ray source, electron
energy analyzer, detector, and other accessories within a UHV vacuum chamber.
In this work, XR50, a high-sensitive twin anode, has been used as the X-ray source.
Thermally driven high energetic electrons (> few keV) from tungsten filament hit the anode (Al
or Mg anode); as a result, X-rays are generated. The emitted photoelectrons obtained from the Xray irradiated sample to travel to the detector through the hemispherical analyzer (PHOIBOS 100
HSA) and a lens system. A fixed potential difference is applied across the two hemispheres of
HSA. Therefore particles with a certain kinetic energy range (so-called pass energy) can reach the
exit plane of the analyzer. The voltages applied to the lens system helps to focus and filter the
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electrons to the analyzer according to the set pass energy value. The initial kinetic energies are
measured with the acquisition system by scanning the voltages applied to the lens system.

Figure 2-4: The basic set-up of XPS apparatus
The energy-analyzed electrons are transmitted to the detector system. In our XPS system,
we have an MCD5 multichannel detector (MCD5) which is made of 5 channeltrons. Channeltron
can multiply a single electron to an order of ~108 counts. The multiplied output electron signals
are then counted by pulse counting electronics. Therefore, a photoelectron count rate is obtained
as a function of measured kinetic.
During XPS spectra accumulation, a low resolution (high pass energy) survey spectrum is
acquired for the elemental composition determination, and the high resolution (low pass energy)
is taken for chemical state and quantification purposes. The background needs to be subtracted
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from the spectrum before quantification. Casa XPS or XPS Peak fit software can be used to fit the
XPS spectra.
2.3.2 Low Energy Electron Diffraction
Low energy electrons can get scattered when these electrons impinge on a surface. These
scattered electrons can produce a diffraction pattern on a hemispherical phosphorene screen
positioned at the opposite of a well-ordered sample if the de Broglie wavelength matches or less
than the interatomic distance. The diffraction pattern can be exploited for the qualitative estimation
or quantitative analysis of the clean single crystal or adsorbate-covered surfaces. This technique is
called Low Energy Electron Diffraction or LEED, which is the oldest surface-sensitive technique
in the surface science field (Van Hove et al., 1986).

The underlying science of the LEED technique is the diffraction phenomena due to the
elastically scattered electrons from the crystalline surface. 20-200 eV energy range for electrons
corresponds to the low inelastic mean free path ( ̴ 1-2 A) make LEED a good surface-sensitive
technique (3-4 atomic layers) (Fujita et al., 1996; Tanuma et al., 1990). When electrons penetrate
more than 3-4 atomic layers, there is a high probability of inelastic scattering. Therefore, energy
conservation requires,
𝑘𝑜𝑢𝑡 = 𝑘𝑖𝑛
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where 𝑘𝑖𝑛 the magnitude of the incident is the wave vector of the electron and 𝑘𝑜𝑢𝑡 is the magnitude
of the scattered wave vector in real space. The diffraction pattern on the hemispherical screen
satisfy the following Laue condition,
𝒌𝑜𝑢𝑡 − 𝒌𝑖𝑛 = 𝒈ℎ𝑘𝑙

(2.4)

where 𝑮ℎ𝑘𝑙 is the reciprocal lattice vector. ℎ, 𝑘, 𝑙 are the integers (0, ±1, ±2, … ). 𝒈ℎ𝑘𝑙 is defined
as
𝒈ℎ𝑘𝑙 = ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗

(2.5)

The primitive translational vectors 𝑎∗ , 𝑏∗ 𝑎𝑛𝑑 𝑐 ∗ in the reciprocal-space lattice can be defined in
terms of the primitive translational vectors 𝑎, 𝑏 𝑎𝑛𝑑 𝑐 in the real-space lattice,
𝒃×𝒄

𝒂∗ = 2𝜋 |𝒂.𝒃×𝒄|

(2.6)(a)

𝒄×𝒂

𝒃∗ = 2𝜋 |𝒂.𝒃×𝒄|

(2.6)(b)

𝒂×𝒃

𝒄∗ = 2𝜋 |𝒂.𝒃×𝒄|

(2.6)(c)

As most of the elastic collision occurs in 3-4 atomic layers, we can consider (2.6)(a) and (2.6)(b)
for the 2D atomic structure of the sample. Then wave vector components in (2.4) also reduce to
2D form, and components of the wave vectors parallel to the surface are equal to the 2D reciprocal
lattice vector:
∥
∥
𝑘𝑜𝑢𝑡
− 𝑘𝑖𝑛
= 𝑔ℎ𝑘

(2.7)
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The diffraction pattern of the crystal lattice can also be described in a simplified way using Ewald
sphere construction. In 2D form, the third dimension of the sphere is replaced by ‘reciprocal lattice
rods’ passing through the 2D reciprocal lattice points (figure 2-5).

Figure 2-5: Ewald sphere in 2D with radius 𝑘. The gray color circle is for a higher beam
In figure 2-5, one of the points of the reciprocal lattice is chosen as the origin, O. O is
connected to an arbitrary point A gives AO, this the incident wave vector, 𝒌𝑖𝑛 . A circle (known
as Ewald sphere in 3D) is drawn with the radius of 𝑘𝑖𝑛 . Laue condition (Equation (2.7)) is satisfied
if the ‘reciprocal lattice rods’ intercepts the circle at point B. Then OB defines the scattered wave
vector, 𝒌𝑜𝑢𝑡 for diffracted beam. The higher the incident beam energy or the lower wavelength of
the incident wave make the Ewald sphere larger, resulting in the fulfillment of the Laue condition
to a larger extent. Thereby more diffraction spots are seen.
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Figure 2-6 depicts the typical LEED apparatus with an electron source, sample holding
system, and a viewport.

Figure 2-6: LEED apparatus
The electron gun produces electrons with a cathode and collimates the electrons to the
sample with a set of electrostatic lenses. The cathode is at a negative potential, and the sample is
at a positive potential. Once the electrons are diffracted from the sample surface, the grid system
guides the electrons to the hemispherical screen. The first grid is at ground potential, and the next
two grids are at negative retarding potential to suppress the inelastically scattered electrons.
Finally, the last grid attracts the elastically-scattered electrons as it is set to positive potential. The
remaining electrons then interact with the phosphor screen (set at +4kV), and the diffraction pattern
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is observed with a viewport located behind the transmission fluorescent screen. This diffraction
pattern is the pattern in reciprocal space for a real-space lattice sample. The pattern can be
viewed/saved with CCD (charge-coupled device), a camera connected with a computer.
The single crystal is cleaned through cycles of annealing/Ar+ sputtering within the UHV
chamber to obtain a pattern with bright and sharp spots. Structural defects and crystallographic
imperfection make the spots broad and deem. The LEED image was taken for the dirty sample or
just after metal deposition, doesn’t show any pattern due to the disordered surface. New
spots/patterns can be developed upon new material deposition on the sample due to reconstruction
of the surface layers or new structures.
LEED experiment provides information about symmetry and the surface unit cell’s
periodicity. It is also possible to extract information about the structure and atomic positions in the
cell by analyzing the intensities of diffraction spots. The beam intensity can be recorded for
different voltages, and it produces a LEED I-V curve. The I-V curve is then compared with the
simulated I-V curve to predict the structure of a well-ordered sample surface (Jennings et al., 1982;
Wallden, 1981).
2.3.3 Low Energy Ion Scattering Spectroscopy
Low energy ion scattering (LEIS) spectroscopy is one of the few surface science techniques
which probes few topmost layers of the sample target. This technique provides information about
the sample composition. Since the information is collected from the outermost layers, small
contaminants or adsorbates can severely hindrance the surface analysis process.
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A typical LEIS equipment includes an ion gun and hemispherical energy analyzer housed
in a UHV chamber. In this work, a differentially pumped ion gun, IQE-12/38 (Specs) and Phoibos
150 (Specs) hemispherical energy analyzer, has been used. A beam of inert gas ions (He +, Ne+,
Ar+, Kr+) accelerated with energy (0.1-10 keV) targeted to the sample. These ions collide with the
surface atoms detected in the analyzer. The ions which penetrate into the sample collide with the
electrons and lose an appreciable amount of energy that is proportional to the distance traversed.
Only the elastically scattered electrons are detected in the detector.
A schematic of the LEIS setup is shown in figure 2-7. A beam of inert ion of fixed kinetic
energy 𝐸𝑜 and mass 𝑀1 bombard the heavier atom (mass 𝑀2 ) on the sample surface. The elastically
scattered ions are collected at the detector.

Figure 2-7: Basic principle of Ion Scattering Spectroscopy
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The relative quantity of LEIS

𝐸𝑠
⁄𝐸 can be calculated from the classical laws of
𝑜

conservation of energy and momentum,
2
𝑀2 2
2 1⁄2
𝑐𝑜𝑠𝜃
±
{(
)
−
𝑠𝑖𝑛
𝜃}
𝐸𝑠
𝑀1
]
=[
𝑀
𝐸𝑜
1 + 𝑀2
1

where 𝑀2 is the mass of the scattering atom
𝐸𝑠 is the kinetic energy of the scattered ion
θ is the scattering angle
For a given instrument θ and 𝐸𝑜 are fixed (in this case, θ is 135°), the mass of the ion is
known; and 𝐸𝑠 is recorded at the detector; therefore, from the above equation, 𝑀2 can be easily
calculated, which will tell which atom is present on the surface. Each element at the target surface
produces a peak at different measured kinetic energy.
2.3.4 Temperature Programmed Desorption
Temperature Programmed Desorption (TPD) technique is a/an standard, simple and
inexpensive technique that allows one to study the interaction between the gaseous adsorbate and
the solid substrate surface. In general, TPD can be described as the measurement of the desorption
rate of adsorbed molecules as a function of sample temperature, and the spectra obtained from the
TPD experiment are very useful in the investigation of active sites’ nature of the solid materials
and in the determination of kinetic and thermodynamic parameters of desorption processes.
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In the TPD process, a cleaned solid surface is exposed to a gas. There are several ways to
expose the gas to the sample surface. When the gas is exposed to the sample, the gaseous atoms
or molecules can be trapped and stick to the active sites of the substrate surface via physical
interaction (Physisorption, binding energy ≤ 0.3 eV per atom or molecule) or chemical interaction
(chemisorption, binding energy ≤ 1 eV per atom or molecule) depending on the interaction strength
between substrate and adsorbates. Although a fine line cannot be drawn between Physisorption
and Chemisorption due to the interplay of different interactions, it is still useful to make a
distinction in most cases. The chemisorption can be further divided into molecular and dissociative
chemisorption.
Once atoms or molecules are stick to the substrate surface through the adsorption process,
the next step is to heat the adsorbate-covered substrate at a constant heat ramp which includes
desorption of atoms or molecules or molecular fragments from the surface. Time-dependent
desorption rate curve is important in the identification and characterization of sites active in
adsorption, in the determination of adsorption sites concentration, surface coverage, binding
energies, and as well as the rate of desorption, kinetic order of desorption, and energy of
desorption.
According to the principle of microscopic reversibility, the adsorption and desorption
process can be expressed with the same set of rate equations. The rate equation is,
𝑑𝜃

𝑟𝑑𝑒𝑠 = − 𝑑𝑡 = 𝑘𝑑 𝜃 𝑛

(2.8)

where θ is the surface coverage
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𝑘𝑑 is the rate constant for desorption
n is the kinetic order for desorption
The rate constant for desorption can be expressed as,

𝑘𝑑 = 𝜈𝑛 . exp(−

𝑎
𝐸𝑑𝑒𝑠

𝑅𝑇

)

(2.9)

Where 𝜈𝑛 is the pre-exponential factor
𝑎
𝐸𝑑𝑒𝑠
is the activation energy for desorption

From (2.8) and (2.9), we can write,
𝑑𝜃

𝑟𝑑𝑒𝑠 = − 𝑑𝑡 = 𝜈𝑛 . exp(−

𝑎
𝐸𝑑𝑒𝑠

𝑅𝑇

)𝜃 𝑛

(2.10)

Equation (2.4.3) is used to describe the rate of desorption and is known as the Polanyi-Wigner
equation.
During the TPD experiment, the sample is heated in a linear fashion,
𝑇(𝑡) = 𝑇0 + 𝛽𝑡

(2.11)

where 𝑇(𝑡) is the sample temperature
𝑇0 is the temperature at t = 0
𝛽 is the heating rate, 𝛽 =

𝑑𝑇
𝑑𝑡
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Applying linear heat ramp to (2.10), we can write,
𝑑𝜃

− 𝑑𝑇 =

𝜈𝑛
𝛽

. exp(−

𝑎
𝐸𝑑𝑒𝑠

𝑅𝑇

)𝜃 𝑛

(2.12)

Now, for the simples cases, n = 0, 1, 2 corresponds to zero-, first- and second-order desorption
respectively.
For n = 0, (2.12) becomes,
𝑑𝜃

𝜈

− 𝑑𝑇 =

. exp(−
𝛽

𝑎
𝐸𝑑𝑒𝑠

𝑅𝑇

)

(2.13)

In first-order desorption n = 1, and equation (2.12) yields,
𝑑𝜃

− 𝑑𝑇 =

𝜈1
𝛽

. exp(−

𝑎
𝐸𝑑𝑒𝑠

𝑅𝑇

)𝜃

(2.13)

In the case of second-order desorption, n = 2, equation (2.12) can be written as,
𝑑𝜃

− 𝑑𝑇 =

𝜈2
𝛽

. exp(−

𝑎
𝐸𝑑𝑒𝑠

𝑅𝑇

)𝜃 2

(2.14)

TPD spectra: Qualitative analysis
Typical insights from the TPD spectra are obtained through (i) the area under TPD spectra
and (ii) the peak position of temperature.
The peak area for a TPD spectra is directly proportional to the adsorbate coverage (neglecting the
diffusion and readsorption effects). Moreover, desorption coverage related to initial coverage can
be determined from the desorption curve.
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The peak position of the temperature provides us with the idea about adsorbate and the
active sites of the substrate interaction. Higher the temperature peak, the higher the activation
energy from desorption, which means stronger interaction between adsorbate-surface species. In
general, the heat of adsorption is equal to the activation energy of desorption. Therefore, the value
of the peak temperature position corresponds to the heat of adsorption.
In addition to the above two parameters, the TPD profile with different coverages and the
peak shape of the curve can lead to information about the kinetic order of desorption. These are
discussed in detail in the above section for zero-, first- and second-order desorption processes. All
of this statement is applicable if the pre-exponential factor and activation energy for desorption in
the Polanyi-Wigner equation (2.4.3) is independent of coverage.
TPD spectra: Quantitative analysis
This equation provides the relation between peak temperature for desorption and the activation
energy of desorption. Now, 𝑇𝑝 can be obtained from the TPD profile, but this temperature insertion
in the equation will not lead to an analytical solution for 𝐸𝑑𝑒𝑠 . There are some widely accepted
simplified methods to determine the kinetic parameters. These methods are –
1) Complete Analysis
2) Leading Edge Analysis
3) Redhead Analysis
4) Vary heating rate
The Polanyi-Wigner equation is the starting point to initiate the calculation of the kinetic
parameters for the thermodesorption profiles with these (1-4) different methodological approaches.
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Despite different experimental designs for TPD for different purposes of applications, there
are two main steps for the thermal desorption process: (i) exposed the sample with the desired gas
and (ii) incremental heating of the sample in a programmed way. Therefore, a TPD setup includes
the following parts (Figure 2-8).
•

Controlled gas exposure; directional dosing tube has been used here

•

Sample heating system; the sample is placed in a sample holder in a manipulator under
clean UHV conditions and is connected to the heating system, Heat3 power supply

•

Detection system for evolved gases; Line of sight quadrupole mass spectrometer, ExTorr
XT200 (1-200 amu), has been used for the detection and quantification of desorbed gases

Figure 2-8: Typical Temperature Programmed Desorption experimental setup with sample
(yellow circular sample), precision leak valve as the source of adsorbed molecules, temperature
(T) controller to set definite heat ramp for the experiment, mass spectrometer to detect the
masses of desorbed molecules
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Figure 2-8 is showing the different parts of the TPD experimental setup. The directional gas
admission system has been adapted here, which is advantageous over backfill dose as the sample
is exposed to more gas flux relative to the other parts of the chamber. Once the gas adsorption
process is done at a low temperature, the sample is ready for heating. The sample is heated with
an incremental heating rate (with Heat3 PS), and the desorption rate of the gas species is monitored
with a mass -spectrometer positioned in front of the sample surface. When a sample is heated,
there is a change in pressure caused by desorption. Now, this measured pressure change is
proportional to the desorption rate, and this pressure change is measured with the Pirani gauge in
the ExTorr XT200 system. Pirani gauge is a device that interacts with the gases (desorbed gases)
in the vacuum, which produces current in a thin, platinum wire, and the corresponding change of
the temperature with current is a function of gas pressure. The pressure change will be proportional
to the desorption rate only in the limit of large pumping speed in the UHV chamber. For this
purpose, a differential pump has been attached to the mass-spectrometer.
A quadrupole mass spectrometer consists of a gas ionizer source, an analyzer (ion accelerator
and mass filter), and a detector. The incoming gas molecules ionized through the ionizer, then
filtered according to their mass-to-charge (𝑚⁄𝑧) Ratio and finally reach the Faraday cup ion
collector. The ions are filtered in such a way that only a single 𝑚⁄𝑧 Value ion can hit the detector.
The transmission or rejection of the 𝑚⁄𝑧 Ion values are determined by Radio Frequency (RF) and
Direct Current (DC) voltages applied to the four electrodes of the analyzer arranged across from
each other. The appropriate combination of RF and DC voltages can make the quadrupole act as
either a high pass filter or a low pass filter. High pass filter will transmit high 𝑚⁄𝑧 ions and low
pass filter will transmit low 𝑚⁄𝑧. A mass spectrum consists of a number of ion current peaks that
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may be generated. The electron multiplier option can provide an amplified electron current, as well
as high-speed mass spectra.
2.4
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CASE STUDY OF DEVELOPMENT AND
CHARACTERIZATION NOVEL THIN FILMS

This chapter exemplifies the thin-film growth techniques and use of the surface science tools
– XPS, ISS, and LEED, to characterize the films to understand the thin-film properties, like the
growth mode, the composition, the stoichiometry, the chemical state, and the structural pattern of
the thin films. Two films - Au/Ta and CeO2/Ag are described in two parts. Each part includes
background, experimental section, results and discussion, and conclusions.

3.1

Part A: Epitaxial growth of CeO2 thin film on Ag(100)
3.1.1 Background

Cerium oxide (CeO2) is a rare earth oxide, well-known for different applications in
catalysis (Fu et al., 2003; Kašpar et al., 1999), fuel cell (Faro et al., 2020; S. K. Park et al., 2008),
electrochromic-thin film application (Özer, 2001), biotechnology (Asati et al., 2009; Tarnuzzer et
al., 2005), and environmental chemistry (C. Sun et al., 2012). The unique physical and chemical
properties have made it a potential source of applications. One such property is the conversion of
Ce3+ state to Ce4+ in the presence of oxygen and vice versa. Studies show a strong relationship
between oxygen vacancy and catalytic performance in oxidation reactions (Liu et al., 2009;
Murugan & Ramaswamy, 2007). Oxygen vacancy formation energy is around 30% less in ceria
surfaces compared to respective bulk material (Nolan et al., 2005; Paier et al., 2013; Sayle, 1992),
and this formation energy can be further improved using a specific phase of the crystal. For
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example, in terms of oxygen removal energy, different facet can be arranged as CeO 2(100) <
CeO2(110) < CeO2(111). The barrier for oxygen removal energy depends on the structure of the
facets. It takes more energy to remove oxygen from the least energetic, close-packed structure
(111) (Kašpar et al., 1999; Kopelent et al., 2015; Trovarelli et al., 1999) compared to high energetic
and open structures (110) and (100). Although most of the work on ceria thin film growth is on
CeO2(111) plane (Chan & Yuhara, 2015, 2017; Dvořák et al., 2011; Grinter et al., 2010; Hasegawa
et al., 2014; Lu et al., 2006; P. Luches et al., 2011; Rodriguez et al., 2007; F. Yang et al., 2011),
the higher activities of low index planes urge to explore these planes thoroughly. Thorough
investigations at the atomic scale level and the use of advanced experimental techniques can help
to understand their properties and unravel the complexity in real systems.
Structural properties are important to understand the reaction behavior on the ceria planes.
The above discussion indicates that CeO2(100) is predicted to be the most active plane among the
low index planes and hence most catalytically active (Skorodumova et al., 2004). Distinct surface
reactivity of CeO2(100) has been found compared to the CeO2(111) plane (David R. Mullins,
2015). However, due to less stability, it is difficult to develop the (100) plane. Moreover,
CeO2(100) is a 'type 3' surface (Tasker, 1979) where two alternating charged planes in a unit
associated with a resultant dipole moment perpendicular to the surface. Such configuration
produces high 'free energy' on the surface and is called a polar surface. Different propositions have
been made for the reconstructed surface configuration that compensates the dipole moment, like
surface reconstruction, partial filling of the surface states, or molecular adsorption (Finocchi et al.,
2004; H.-J. Freund, 1999; Harrison, 1997). For example, the surface reconstruction is suggested
as (2 × 2) square lattice for epitaxially grown CeO2(100) islands on Cu (100) (Hackl et al., 2018;
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Stetsovych et al., 2013). These polar oxides are highly chemically active and have better wetting
behavior compared to the nonpolar counterpart as reported for polar oxide grown on noble metal.
For example, ultrathin FeO film is grown on Pt(111) substrate (Rienks et al., 2005; Ringleb et al.,
2011; Vurens et al., 1992)
Several groups worked on CeO2(100) growth. Several experimental approaches have been
attempted to study the CeO2 (100) model systems in the form of epitaxial ultrathin films and
nanostructures grown on the single-crystal metal substrates. These studies intend to make
CeO2(100) with optimized properties suitable for different fields of applications. In some cases,
stable, phase-specific (100) nanostructures have been formed (Pan et al., 2014), some reported
coexistent of multiple phases, (100) and (111) (Spezzati et al., 2019). In contrast, some also
mentioned metastable structural phases reversible between (100) and (111) planes by oxidizing
(Y. Zhang et al., 2019) and reducing (F. Yang et al., 2011) treatments. There are also several works
on thin-film growth on metal substrates. A recent study (Y. Zhang et al., 2019) shows (3 × 𝑛)
reconstructed, 3-4 ML (monolayer) CeO2(100) thick film on Pt(111) and (1 × 1)-CeO2(100)
nanoislands on top of the film. This film is stable up to 1000 K in the ultrahigh vacuum chamber.
Hackl et al. have assigned fully stoichiometric (2 × 2) surface reconstructed ceria (100) island
growth on Cu(100) substrate where an interplay between the substrate symmetry, preferential
orientation of substrate steps, and cerium oxide growth direction was observed (Hackl et al., 2018).
Another Cu(111) substrate based ceria growth study mentioned 3D CeO2(100) islands, which form
on top of rectangular CeO2(100) interfacial layer (Stetsovych et al., 2013).
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To date, studies show island or nanostructure growth of CeO2(100) on different singlecrystal metal substrates. There is no study reporting the layer-by-layer growth of CeO2(100) thin
film. Our attempt is to develop epitaxial CeO2(100) wetted thin-film growth on a single-crystal
substrate. Fully wetted polar oxides are reported to grow on noble metals (Rienks et al., 2005;
Ringleb et al., 2011; Vurens et al., 1992). Thus we have chosen Ag(100) single crystal. The
targeted structure for CeO2 is modeled considering the lattice parameters for film-substrate (i.e.,
CeO2-Ag) and the possible reconstruction of the ceria film (H.-J. Freund, 1999; Hackl et al., 2018).
The model structure is provided below (figure 3-1).

Figure 3-1: Targeted 2x2 R 45° CeO2/Ag(100) Superstructure (a) top view (b) side view; Ag
(gray), Ce (red), O (brown). The lattice parameters for Ag and CeO2 are given in the inset box
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The film growth and characterizations were done within an ultrahigh vacuum (UHV)
chamber. X-ray photoelectron spectroscopy and low energy ion scattering spectroscopy, and low
energy electron diffraction techniques provide the idea about the surface composition, oxidation
state, the growth mode, and the surface configuration of the film prepared on the Ag substrate.
3.1.2 Experimental Section
The cerium oxide thin film growth process was conducted in a UHV chamber of base
pressure 3 × 10−10 Torr. The chamber is equipped with cleaning facilities (Ion gun sputtering and
annealing), thin film growth process (electron beam evaporator, EBE), and characterization
techniques, such as X-ray photoelectron spectroscope (XPS), Low energy ion scattering
spectroscope, and low energy electron diffraction (LEED). XPS data were collected with a
Phoibos 150 hemispherical analyzer using an Al 𝐾𝛼 X-ray source (ℎ𝜈 = 1486.6 𝑒𝑉). The source
and sample were at 55° angle, and the spectra were recorded at the normal angle with the analyzer.
For the regional scan, energy resolution was set at 100 meV at pass energy of 20 eV. XPSPEAK
4.1 program was used for XPS spectra peak fitting; the peaks were fitted using the Lorentz-Gauss
cross-product function and Shirley background correction. Low energy ion scattering spectroscope
technique includes a differentially pumped ion gun with the same Phoibos 150 hemispherical
analyzer for the measurements. For the long-range order or crystallinity of the film, LEED was
used. The LEED patterns were collected at an incident energy of 63 eV electrons diffracted from
the target surface's around 1 mm diameter area.
In metal-oxide film growth, the lattice parameter plays an important role in film generation
and physicochemical properties modulation. Considering lattice parameter, Ag (100) single crystal
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noble metal has been chosen as the substrate material for CeO2(100) film growth. Ag single crystal,
surface polished with 0.1° off the (100) crystallographic (99.999%), was purchased from Princeton
Scientific. The bulk Ce metal of 99.999% purity was supplied by Sigma Aldrich in the fused pieces
form. The cerium pieces were put in a crucible in one of the pockets of EBE. The sample was
mounted on a sapphire piece and attached to the sample plate with tantalum wires and clips. A Ktype thermocouple was attached to the crystal's backside to measure the temperature during heating
and cooling the sample. The sample was heated with the resistive-heating method and cooled using
liquid nitrogen through a cryostat in contact with the sample.
The Ag single crystal was cleaned with repeated cycles of oxidation (5 ×
10−7 Torr 𝑂2 pressure at 600K), Ar+ sputtering (2000 eV, 3 × 10−6 Torr Ar for 15 mins) and
annealing (700 K). The sample was kept at 700 K for 10 mins during annealing. The surface
cleanliness was checked with XPS, ISS, and LEED. The LEED pattern of Ag single crystal is
(1 × 1) (figure 3-7(a)) (Palmberg & Rhodin, 1967). For the cerium oxide film, Ce was deposited
on the clean Ag crystal via physical vapor deposition (PVD) at room temperature. The Ag sample
was placed in front of the EBE and was exposed to Ce atoms. The deposition amount was unknown
during the first deposition. To find out the amounts of Ce atoms on the Ag substrate, we
characterized the sample with XPS and used that as the feedback to tune the evaporator condition
for the targeted deposition. One of the ways of tuning evaporator conditions was indirect
monitoring of related ion flux measured at the evaporator. Thus Ce fluxes were indirectly
controlled by ~10 nA flux (measured at coaxially configured around 50 mm2 cylindrical collection
plates located within the exit aperture of the evaporator) which required an electron beam current
of ~25 mA. To generate a sufficient amount of heat to sublimate the Ce at a practical rate
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necessitate using a potential of 700 V; this means a certain number of ions within the sublimated
cloud of Ce atoms are accelerated with 700 eV. Now, if the sample was left grounded, then those
ionized atoms (which is although a fraction of total deposited atoms) could damage the sample
through high energy collision between the Ce ion projectiles and the sample target. Thus, the
crucible and the sample were set at the same potential of 700 V such that any stray ions surviving
out of the evaporator softly landed on the sample with negligible kinetic energy. The possible
sputtering or implantation effects on the substrate and the generated cerium oxide film can be
avoided by applying the same potential (700 V) to the crucible and the sample. Finally, the sample
was oxidized at 623 K with 5 × 10−6 Torr 𝑂2 pressure for 15 mins. The same steps of Ce metal
deposition and oxidation conditions were followed to grow thicker ceria film.
The XPS and ISS spectra and LEED pattern were taken after each successive step of the
Ce deposition and oxidation.
3.1.3 Results and Discussion
The XPS spectra for cerium oxide film are evaluated by 𝐶𝑒 3𝑑 peak. 𝐶𝑒 3𝑑 is a complex
spectrum as it contains three peaks, separated by ~18.6 eV. Moreover, both 3+ (trivalent) and 4+
(tetravalent) oxidation states of the Ce ion can contribute to the oxide. Spin-orbit split components
of 𝐶𝑒 3𝑑5⁄ and 3𝑑3⁄ are denoted by 𝑎 and 𝑏. 𝑎0 (𝑏0 ) and 𝑎1 (𝑏1 ) are for the 3𝑑5⁄ (3𝑑5⁄ ) of 𝐶𝑒 3+
2

2

2

2

state and 𝑎2 (𝑏2 ), 𝑎3 (𝑏3 ) and 𝑎4 (𝑏4 ) are for the 3𝑑5⁄ (3𝑑5⁄ ) of 𝐶𝑒 4+ state.
2

2

For the rare earth elements, like for Ce, the 4f state is more localized than the conduction
band state, and therefore, the 4f state couples strongly to the well-localized core hole during
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photoemission (final state). According to the cluster model and Anderson model, the ground state
of cerium oxide is the mixed state between 4f0 and 4f1 configuration whereas, the initial and final
states of the photoemission is the strong hybridization between 4f and valence-band state. For
CeO2, 𝑎4 and 𝑏4 peaks correspond to 4𝑓0 state and 𝑎2 , 𝑏2 , 𝑎3 , 𝑏3 peaks correspond to the
hybridization of 𝐶𝑒 4𝑓 and 𝑂 2𝑝 valance band. More elaborately, 𝑎4 − 𝑏4 results from
𝐶𝑒3𝑑 9 𝑂2𝑝6 𝐶𝑒4𝑓 0 final states and the other two pairs, 𝑎2 − 𝑏2 and 𝑎3 − 𝑏3 result from the
admixture of 𝐶𝑒3𝑑 9 𝑂2𝑝4 𝐶𝑒4𝑓 2 and 𝐶𝑒3𝑑9 𝑂2𝑝5 𝐶𝑒4𝑓1 final states.
Reduction of CeO2 results to Ce2O3, which corresponds to the decrease of 4𝑓0 state, and it
is also a pair-effect of decrement of 𝑎4 − 𝑏4 and increment of 𝑎0 − 𝑏0 (for details, Romeo et al.,
1993). Again, the doublet pairs of 𝑎0 − 𝑏0 and 𝑎1 − 𝑏1 are the mixed state of 𝐶𝑒 4𝑓 and 𝑂 2𝑝
valance band which result to 𝐶𝑒3𝑑9 𝑂2𝑝6 𝐶𝑒4𝑓 1 and 𝐶𝑒3𝑑 9 𝑂2𝑝5 𝐶𝑒4𝑓 2 final state. Therefore,
there are ten peaks for cerium oxide within energy interval of ~ 40 eV and some of peaks share
same region and thus overlap.
The XPS spectra of the Ce, Ag, and O during the ceria film growth were taken for five
different depositions. Each deposition was for 6 mins. The sample was then oxidized at 623 K
under 1 × 10−6 Torr oxygen pressure. The 5th oxidized film (most covered film, deposition time
30 mins) was taken to fit the peaks for Ce. Figure 3-2 shows the fitted ceria peak.
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Figure 3-2: Fitted XPS spectra for Ce3d peak (solid purple line corresponds to CeO2, solid green
line corresponds to Ce2O3 peaks, black dash line corresponds to the raw intensity, and solid red
line corresponds to overall fitted peak)
The XPS peak in figure 3-2 can be attributed to CeO2 and Ce2O3 peaks, and it can be
resolved into five Ce3d5/2,3/2 spin-orbit doublet peaks (Anandan & Bera, 2013; Bera & Anandan,
2014; Chauvaut et al., 2000; Fernandes et al., 2011; D. R. Mullins et al., 1998; Preisler et al., 2001;
Y. Zhou et al., 2010). The peaks are fitted with the mixed Gaussian-Lorentzian functions and
Shirley background. The fitted peaks of 882.06, 888.3 897.9, 900.4, 906.8 and 916.4 eV
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corresponding to Ce4+ and Ce3d at about 880.47, 883.92, 899.02 and 902.57 eV corresponding to
Ce3+. The near-identical peak positions and relative peak intensities were obtained for other
depositions. The ratio of Ce4+ to Ce3+ is calculated using the following relation:

𝐶𝐶𝑒 4+ = 𝐴

𝐴𝐶𝑒4+

3.1.3 (a)

𝐶𝑒4+ + 𝐴𝐶𝑒3+

where 𝐴𝐶𝑒 4+ is the total peak area of 6 peaks corresponds to Ce4+ and 𝐴𝐶𝑒 3+ is the total peak area
of 4 peaks corresponds to Ce3+. 𝐶𝐶𝑒 4+ is the concentration of Ce4+. Inserting the peak area
(calculated from XPS peak intensity and atomic sensitivity factor) in the relation 3.1.3 (a), we have
found the concentration for 𝐶𝐶𝑒 4+ is 93.4%, and the concentration for 𝐶𝐶𝑒 3+ is 6.6%. The small
percentage of Ce3+ implies that Ce exists primarily as Ce4+. The trivalent Ce3+ is associated with
oxygen vacancies in ceria.
Next, we determine the trend of Ce, O, and Ag elements using the data obtained from XPS
for five different depositions and oxidations. Figure 3-3 depicts the Ce 3d, O 1s, and Ag 3d at
different deposition times. From these plots, we can see Ce and O are increasing from 1st to 5th
deposition, and Ag is decreasing, all as a function of increasing Ce exposure. Here, the blue points
in the graph indicate the peak intensities at t = 0 minutes. The film made on the Ag substrate had
some Ce and O from the very first film.
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Figure 3-3: (a) Ce3d, (b) O1s, and (c) Ag3d XPS spectra are plotted for sequentially prepared
ceria films following 6 mins (black), 12 mins (maroon), 18 mins (yellow), 24 mins (blue), and 30
mins (gray) cumulative exposure to the Ce PVD flux. Quantitative analysis of the (d) Ce 3d, (e)
O1s, and (f) Ag 3d integrated XPS peak intensities plotted as a function of cumulative Ce
deposition time. Intensities have been normalized to the largest value in the data set for each
peak type. The blue points in (d), (e), and (f) are extrapolated for the initial values
The interpretation of the Ce, O, Ag trends can be given using NIST SRD82v 1.3 EAL
database. For this database, a model is assumed consisting of perfectly wetted CeO2 layers on an
‘infinitely thick’ slab of Ag (Powell & Jablonski, 2002). In this model, the photoelectrons at 1486.6
eV (for Al kα) at a given distance are given by the concentration and relative photoemission crosssection of the atoms in a given layer. The photoemission cross-section is presumed to be
proportional to the transition’s atomic sensitivity factor (Moulder et al., 2005). The number of Ag
53

electrons escaping from the Ag ‘infinite slab’ to the interface is calculated. To do so, the EAL
database is used to determine the Ag electron attenuation as a function of Ag layer thickness. Then
the cumulative number of photoelectrons reaching the surface is calculated as a function of Ag
electron attenuation. Then the number of survived Ag electrons and the electrons from the CeO 2
film is calculated using different EAL database to account the electrons travelling through the
overlayer materials. The survived electrons from Ag and CeO2 films are then taken to produces the
modeled integrated intensity ratios (figure 3-4). The details of this model can be found in the
previous work for MoN film from our group (Khaniya & Kaden, 2019).

Figure 3-4: Plot for Ce3d to Ag 3d ratio as a function of ceria film thickness generated from the
XPS model.
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The above XPS model tells that the monolayer thick CeO2 film (1.35 Å) corresponds to Ce
to Ag peak ratio as ~ 0.065. But from the experimental data, we calculate the Ce to Ag ratio as
0.27 for the most covered sample (5th deposition, 30 mins of Ce exposure), which corresponds to
film thickness of more than 5 Å. Therefore, the Ce to Ag ratio is much higher to create a monolayer
if the film is wetting in the fashion described in our model. So, the XPS model is suggesting the
island growth of CeO2 on Ag substrate.
ISS spectra for clean Ag and five different ceria films are shown in figure 3-5. All the
spectra were taken using He+ to ensure the low ion energy bombardment to the sample surface
during the spectra collection. The spectra range from 200 to 1100 eV.

Figure 3-5: Ion scattering spectroscopy spectra for the clean Ag (red) and CeO2 film as a
function of Ce exposure for 12 mins (green), 18 mins (yellow), 24 mins (blue), and 30 mins
(magenta)
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In figure 3-5, there is a peak at around 965 eV for clean Ag. As the film is grown on the
Ag-substrate, the Ag intensity decreases. A close inspection shows that there is a shoulder on the
right side of the Ag peak. The shoulder at around 986 eV is probably the Ce peak (calculated from
the equation given for ion scattering spectroscopy in chapter 2). From the figure, we can see the
height of the peaks for Ag and shoulder peaks for Ce do not change after consecutive depositions.
This implies the Ce to Ag surface area ratio is not changing with Ce depositions.
To explain the ISS results, we have assumed a model that consists of the film surface area
growing either as islands (semicircular sphere of 2D footprint) or as layer-by-layer (rectangular
volume with fixed thickness 1) (figure 3-6). As the Ce coverage increases, the Ce intensity
increases (or the Ag signal intensity decreases) for either semi-sphere or rectangular volume. The
two growth modes are depicted in figure 3-6 (a). For the rectangular shape of unit thickness, the
surface area is equal to the volume, and the fractional surface area of the sample surface increases
linearly, which is obvious for layer-by-layer growth. For the semi-sphere, after certain coverage,
the increasing rate of the fractional surface area becomes low, which tells us that the Ce atoms are
growing vertically, along with the height of the sphere with increasing coverage, and thus the
surface area doesn’t grow as fast as the rectangular one. This simple model helps us to understand
and explain theISS spectra and suggests that the film’s growth mode is semi-sphere or island.
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Figure 3-6: A simple model to explain the ISS spectra. (a) The growth of the fractional surface
area as layer-by-layer (rectangular volume) and island (sphere). (b) The graph shows the trend of
the fractional surface area of the support occupied at the interface by the sphere and the squares
growing one unit high
The structural analysis of the surface was performed with the electron diffraction (LEED)
technique. Figure 3-7 shows the LEED images at different stages of film growth. All the images
were taken at 63 eV. Figure 3-7 (a) depicts the (100) plane of Ag. The 1 × 1 crystalline rectangular
surface is obtained with several cycles of oxidation, sputtering, and annealing (conditions are
described in the experimental section). The Ag was exposed to oxygen at different pressure and
temperature, but no change is observed in the square pattern of Ag; it agrees with the XPS results
that no AgO peak was identified in XPS after oxidation at different conditions.
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Figure 3-7: LEED pattern for (a) Ag(100) single crystal, (b) after 1st Ce deposition (6 mins) and
oxidation at 623 K, (c) after 5th deposition (30 mins), and oxidation at 623 K. All LEED
patterns are taken at 63 eV
The LEED pattern captured after Ce deposition at room temperature shows the same 1 × 1
pattern, but the points get dimmer compared to the clean Ag(100) surface. The sample was then
oxidized at 1 × 10−6 𝑂2 Torr pressure at different temperatures until a clearer pattern is obtained
in LEED. This trial-and-error process establishes the clearest LEED pattern at 623 K, coincide
with the clearly defined oxide XPS peak for ceria at this temperature. Figure 3.7 (b) shows the
CeO2 film on Ag at 623 K.
In the subsequent stages, Ag(100) was exposed to more Ce depositions. The deposition
conditions were the same at each time (10 nA ion flux for 6 mins). The (1 × 1) spots get dimmer
upon Ce deposition and oxidation. Figure 3.7(c) shows the LEED pattern after 5th deposition and
oxidation.
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The LEED is always showing (1 × 1) pattern before and after each deposition. When we
combine the XPS model with the LEED analysis, it is obvious that we are not growing a wetted
version of the anticipated film since a much higher Ce to Ag is calculated well before the Ag(100)
spots disappear. Now it is not clear if CeO2 islands are growing as amorphous or (100) patterns
from the observed (100) pattern on the surface. As the terminated pattern is (100), this pattern can
be either due to Ag(100) plane or CeO2(100) islands.
In the subsequent deposition of Ce, we have found Ca as a contaminated element on the
film. Somehow Ca gets mixed with Ce during the Ce insertion in the crucible. Although the
presence of Ca was accidental, it tells that our UHV tools can detect the contamination during the
film growth process; this is an important part of the thin film growth process. All the
characterization tools, XPS, ISS, and LEED, can readily detect the contaminations on the surface
of the film.
In XPS, we can see Ca2p with doublet peak separated by ~ 3.5 eV. Ca to Ag ratio was
around constant with increasing depositions. But, in ISS, the Ca peak area (around 700 eV kinetic
energy) increased with the increasing depositions. As ISS is more sensitive than XPS, it implies
that Ca was more on the film's surface. LEED not only shows the presence of Ca but also tells us
the oxidation state of Ca on the surface of the film.
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Figure 3-8: LEED pattern with hexagonal CaO(111) pattern grown on square Ag(100), the spots
for hexagonal patterns are marked with black circles
In figure 3-8, we can see a superstructure in addition to a square pattern for Ag(100). It is
mentioned before that the pattern for CeO2 (100) could be amorphous or (100). But, the
superstructure cell is hexagonal with lattice parameter 1.16x Ag lattice parameter. Ag(100) has the
lattice parameter around 2.9 Å, and the superstructure appears to have a hexagonal lattice with
lattice parameter 3.36 Å (3 rotational domains at R 30). The presence of Ce and Ca narrow down
to look at the hexagonal pattern with CeO2(111) or CaO(111). Now the lattice parameter for
CeO2(111) is ~ 3.9 Å, which is much larger than what we see here. The lattice parameter for
CaO(111) is ~ 3.4 Å, which is more close to the value of 3.36 Å in the observed hexagonal pattern.
Given the quality of the agreement, the tendency for Ca be present at the atomic surface,
and the correspondence between the brightness of the superstructure spots and the intensity of the
Ca ISS peak, we can conclude that we see unintended growth of CaO(111) domains in addition to
ceria on the sample surface as we try to deposit increasing amounts of CeO2.
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3.1.4 Conclusions
Epitaxial polar oxide CeO2(100) has been attempted to grow on Ag(100) single crystal
following the e-beam assisted PVD technique. The resulting growth is characterized by XPS, ISS,
and LEED. The film appears to grow as islands on the substrate. The pattern of the islands could
be as (100) or amorphous. Although we get CaO as the contaminant on the film, still we can infer
that the Ag used in the present work did not appear to provide suitable support for the wetted
growth mode of ceria, which indicates the interaction between the ceria and the substrate (Ag in
the present work) is not strong enough. Moreover, the monometallic crystals support used to grow
CeO2(100) film described by other groups do not report the wetted growth of ceria film. Thus, it
might be necessary to target different substrate systems other than the monometallic crystals, e.g.,
bimetallic substrate. The targeted substrate materials should be consisting of the following traits –
i) need to interact more strongly with ceria, ii) need to have better lattice mismatch characteristics.
The future direction of this work includes the selection of suitable substrate and growth of
CeO2(100) on that substrate following e-beam assisted PVD growth process.
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3.2

Part B: Epitaxial growth of Au thin film on Ta
3.2.1 Background

Low-temperature Proton Exchange Membrane Fuel Cells, as an alternative to conventional
energy systems, are receiving significant attention in different sectors due to their pollution-free
characteristics, high efficiency, and high energy density (Vielstich, W., Lamm, A., Yokokawa, H.,
& Gasteiger, 2009). The most recent industrialized application of fuel cells, which can be
considered a landmark within the automobile sector, is Toyota’s Mirai- Hydrogen Fuel Cell
Vehicle. However, even though PEMFCs are beginning to see applied use, certain limitations have
to be overcome before these devices become economically viable alternatives within existing
automotive infrastructures. One of the key limitations of fuel cells is the sluggish cathodic Oxygen
Reduction Rate (ORR). A number of prospective materials, such as Pt (Nie et al., 2015; Schmidt
et al., 2001), PGE (Pt group elements) (Antolini, 2014; Jukk et al., 2013; Zaikovskii et al., 2006),
and non-PGE (Nie et al., 2015) currently receive wide-spread interest as catalysts for this reaction.
To date, Pt has dominated the field as the industrial ORR standard electrode material
(Markovic, 2002). However, there are several drawbacks with Pt, such as scarcity and cost, and
overall performance towards ORR (Ramaswamy & Mukerjee, 2012; Sasaki et al., 2009). Several
research groups have investigated alternative catalysts comprised of non-Pt materials/alloys as the
active sites for this reaction (Nie et al., 2015) to address various shortcomings associated with Pt,
but, to date, no robustly improved, industrially viable alternative has yet emerged from such
research.
A novel approach for the creation of new and unique ORR electrocatalytic materials has
been developed by Dr. Stolbov’s group using Density Functional Theory (DFT) to model and
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investigate simulated materials consisting of dissimilar active elements/metal support (AE/MS)
structures. While others have already considered similar structures with Pd (Bezerra et al., 2007;
Jukk et al., 2013; M. Shao et al., 2007; M. H. Shao et al., 2006) as the AE, most screen Pt as the
AE (Adzic et al., 2007; Karan et al., 2012; Wang et al., 2011; J. Zhang et al., 2005; W.-P. Zhou et
al., 2009), and PGE as the MS alloy (Karan et al., 2012; M. H. Shao et al., 2006; Wang et al., 2011;
W.-P. Zhou et al., 2009). Despite this constraint, small-scale improvements have been reported in
resolving the challenges corresponding to critical parameters (Sasaki et al., 2010) and efficiency
of ORR cathode catalyst using this approach.
Herein, novel PGE-free and PGE-flexible AE/MS structures will be targeted to overcome
the above limitations to improve the cost-effectiveness, stability, and activity of the ORR catalyst.
Our goal is to generate, characterize, and develop AE/MS catalyst structures experimentally in the
lab, following predictive frameworks designed and optimized by the theory.
ORR activity is directly dependent on the adsorption energies associated with each of the
intermediate states along with the multi-step electrode-supported reaction mechanism. The
improved ORR catalysis can increase the onset potentials for the reactions under electrochemical
conditions. Unfortunately, the full complexity of heterogeneously catalyzed aqueous reactions
cannot be rigorously modeled computationally, while electrochemical investigations offer very
little in terms of fundamental insights into the key physical properties responsible for either
improving or diminishing empirically determined activities. To help better connect theory and
application, we propose the use of surface-science methods to develop, characterize, and test
theory-inspired model-catalyst systems, with emphases not only on demonstrating but also on
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understanding the underlying driving forces responsible for resulting in improved ORR activity at
novel AE/MS interfaces.
3.2.2 Experimental section
Our lab is equipped with an ultrahigh vacuum (UHV) system, which will be exploited to
generate, characterize and test the best AE/MS ORR cathodic catalyst candidates predicted by
theory. Electron beam evaporator (EBE) has been used to generate the film, and X-ray
photoelectron spectroscopy (XPS) and low energy electron diffraction (LEED) techniques have
been used to characterize the film.
The targeted AE/MS system for the ORR should have the following properties: i) small bondlength mismatch between AE and MS materials, ii) bond strengths in the following hierarchy; AEAE < AE-MS < MS-MS, iii) improved catalytic activity due to hybridization between AE and MS
d-electronic states [48, 49]. Based on the theoretical study (Campbell et al., 2020), Au/Ta has been
chosen as the optimized AE/MS system. The high dissolution potential of Au (P, 1992) ensures
that it will be electrochemically stable. The next thing to select is the metal substrate that can
activate Au for favorable ORR activity (Stolbov & Alcántara Ortigoza, 2012). Ta has been chosen
as a metal substrate for few reasons –
(i)

only a 0.9 % lattice mismatch between Au and Ta can make a thermodynamically stable
system

(ii)

Ta is highly reactive, and it can form very strong covalent bonds, which suggest a
stronger Au-Ta bond than the Au-Au bonds. Thus, we can expect a pseudomorphic
monolayer of Au than 3D clusters on the Ta substrate
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(iii)

The high cohesive energy of Ta prevent the Au-Ta alloy

Figure 3-9 shows the targeted model structure for Au/Ta.

Figure 3-9: Targeted (1𝑋1) Au/Ta(110) Superstructure (a) top view (b) side view; Au (yellow),
Ta (gray). The lattice parameters for Ta is given in the inset box
When preparing the sample, Ta was cleaned via several cycles of Ar+ sputtering and/or
high-temperature annealing. The cleanliness and surface order/bulk structure of the Ta ensured by
characterizing the sample with the XPS and LEED available in the UHV system and the abundant
sources of literature data. The Au metal (placed in one of the crucibles of the EBE) deposited on
the cleaned Ta via e-beam assisted physical vapor deposition technique. Once the Au was
deposited, the coverage and morphology of the Au overlayers on Ta were monitored as a function
of growth modes. The Au/Ta combinations have been selected based on the strength of the
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interaction between the layers (EB (Au-Ta) >> EB (Au-Au), and, therefore, Au should be selfterminating, single-layer films on Ta following sufficiently high-temperature annealing cycles.
The details of the film growth modes are discussed in the results and discussions section.
3.2.3 Results and Discussion
XPS and LEED techniques were used to determine the surface components and surface patterns at
different cleaning and growing stages of the film. Figure 3-10 shows the XPS spectra and LEED
pattern for clean Ta substrate. The XPS spectra for O1s, C1s, and Ta4d were taken before and after
cleaning the sample. Nine cycles of sputtering and annealing provide clean Ta with a negligible
amount of C and O. Figure 3-10(b) shows the growth of (100) plane for the Ta following several
high-temperature vacuum annealing cycles.

b

a

Figure 3-10: (a) XPS results for O1s, C1s, and Ta4d obtained from a Ta foil before cleaning
(black) and after cleaning (5 cycles of heating, blue and 9 cycles of heating, red). (b) LEED is
depicting a reciprocal space pattern consistent with the growth of large Ta(110) domains on
vacuum annealed Ta foil. LEED pattern is taken at 67 eV
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The cleaned Ta was exposed to Au using the e-beam assisted PVD process. Then the
sample was annealed at higher temperatures until the LEED pattern for Au(100) was not observed.
It took several trial-and-error cycles to establish the final annealing condition to obtain the desired
Au film on the Ta. Figure 3-11 shows the XPS data before and after Au deposition on Ta. The
intensity of Ta (green spectra) is decreased compared to clean Ta (red spectra) after Au deposition
and heating at the high temperature. We can also see the presence of Au 4f spectra in XPS.

Figure 3-11: Ta 4d and Au 4f photoemission spectra after Au film formation on Ta. (a) Clean Ta
(red) and Ta reduced upon Au deposition and annealing (green), (b) Au films as grown on Ta
and annealed at high temperature
The interpretation of the growth mode of Au on Ta can be given using NIST SRD82v 1.3
EAL database. For this database, a model is assumed consisting of perfectly wetted Au layers on
an ‘infinitely thick’ slab of Ta (Powell & Jablonski, 2002). In our model, the photoelectrons at
1486.6 eV (for Al kα) at a given distance are given by the concentration and relative photoemission
cross-section of the atoms in a given layer. The photoemission cross-section is presumed to be
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proportional to the transition’s atomic sensitivity factor (Moulder et al., 2005). The number of Ta
electrons escaping from the Ta ‘infinite slab’ to the interface is calculated. To do so, the EAL
database is used to determine the Ta electron attenuation as a function of Ta layer thickness. Then
the cumulative number of photoelectrons reaching the surface is calculated as a function of Ta
electron attenuation. Then the number of survived Ta electrons and the electrons from the Au film
is calculated using different EAL database to account the electrons travelling through the overlayer
materials. The survived electrons from Ta and Au films are then taken to produces the modeled
integrated intensity ratios (figure 3-12).

Figure 3-12: Plot for Au 4f to Ta 4f ratio as a function of ceria film thickness generated from the
XPS model
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The measured ratio for Au 4f to Ta 4f is ~ 0.42. This peak ratio corresponds to ~ 2.6 Å
film thickness. From figure 3-9, we can find the lattice parameter for Ta is ~ 2.86 Å. Thus the Au
film is a fully wetted monolayer grown on Ta substrate.
We deposited different amounts of Au (much more than 1 ML) on Ta, then annealed the
system at threshold temperature such that the multilayer Au desorbed from the sample surface.
The resulting ratio shows the same value as the ratio obtained for the 1 ML equivalent Au film.
This observation implies that the Au prefers to form a wetted layer on the Ta-substrate. This wetted
Au film formation on Ta was also claimed by the computational study by Dr. Stolbov’s group
(Campbell et al., 2020). They have calculated the formation energy for Au/Ta. This formation
energy for Au/Ta is referenced with the formation energy of Au monolayer on Au(111) bulk. The
comparative higher value of the formation energy (-1.09 eV) for the Au/Ta system manifests that
the Au binds strongly to Ta; thus, Au prefers to form a monolayer than clusters.
Figure 3-13 shows the LEED patterns for the Ta sample before and after the Au film
formation.

Figure 3-13: LEED patterns of (a) clean Ta (b) after Au deposing and annealing the sample at a
high temperature within the UHV chamber. LEED patterns are taken at 67 eV
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The surface crystallinity of the Au film is characterized with LEED. The LEED images are
recorded at 67 eV at the various stages of the film growth process. Figure 3-13(a) shows the square
Ta(110) plane at the later stages of the sample cleaning. Figure 3-13(b) shows the LEED image
taken after Au deposition and annealed at a threshold temperature. Following this treatment, we
can see Ta(110) observed the square pattern in figure 3-13(a). The spots in the annealed sample
are brighter than the spots in clean Ta. As mentioned earlier, the parameters for the annealing
condition are optimized until a clear, square pattern is obtained (figure 3-13(b)).
The LEED patterns obtained from the other post-annealed films, i.e., the post-annealed Au
film grown with higher depositions (much more than 1 ML), exhibit similar square patterns. Thus,
the film crystallinity does not significantly differ from the other coverages.
3.2.4 Conclusions
Summarizing the results obtained from XPS and LEED to this point, we find that our ebeam assisted PVD technique results in thoroughly wetted, crystalline, monolayer Au film on Ta
substrate. The layer-by-layer Au film is commensurate to its substrate Ta. This finding is in
agreement with the computational predictions made by the group of Dr. Sergey Stolbov. The
successful growth and characterization of Au/Ta film make us confident of growing films with the
equipment within the UHV chamber. The Au/Ta film can be used for further investigations related
to oxygen reduction reaction in PEMFC. The future plan includes the growth of other active
element-metal substrate systems suggested for alternative catalysts for ORR (Campbell et al.,
2020) using the same experimental approaches.
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TPD CHARACTERIZATION OF AL-OD-SI SITES AT
THE INTERFACE OF BILAYER AL 0.42SI0,58O2/RU(0001) THIN-FILMS

4.1

Introduction

Aluminosilicates consisting of interspersed networks of corner-sharing alumina and silica
tetrahedra comprise abundant classes of naturally occurring minerals on earth and other near-earth
planetary bodies, such as the moon (Papike et al., 1982; Rudnick & Gao, 2003). Hydrated zeolitic
forms of these materials have received much attention from the scientific community due to their
important role as catalysts in industrial-scale fuel refinement processes (Corma, 1995; Gorte, n.d.;
Lercher & Jentys, n.d.; Martínez & Corma, 2011; Shi et al., 2015; Yilmaz & Müller, 2009;
Zhidomirov & Kazansky, 1986). Catalytic processes activated by zeolites are commonly
understood to depend on the acidity of hydroxyl groups present at bridge sites linking Al and Si
centers, but detailed understandings of the physico-chemical relationships governing overall
chemistry at such sites are complicated by their inclusion within three-dimensionally porous
frameworks (Gorte, n.d.; Lercher & Jentys, n.d.; Zhidomirov & Kazansky, 1986). Similar Al-OHSi sites are also expected to be of importance to geochemical processes such as solar-windmediated evolution and migration of hydroxyls/water across feldspar-rich regions of the Lunar
surface (Jones et al., 2018).
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Figure 4-1: Top (upper) and side (lower) view representations of the structural motif for bilayer
SiO2 thin-films grown on Ru(0001). Red, blue, and grey spheres denote O, Si, and Ru,
respectively. Al can be substituted for Si within the same framework.
To help disambiguate the innate chemistry associated with bridging hydroxyl groups from
effects caused by their more complex surrounding environments within bulk silicates, simplified
two-dimensional analogues have been grown and characterized on Ru(0001), and Pd(111)
supports (J. Anibal Boscoboinik & Shaikhutdinov, 2014; Jorge Anibal Boscoboinik et al., 2012;
J. H. Jhang & Altman, 2019). Like SiO2, AlxSi(1-x)O2 films are reported to form well-defined
bilayer honeycombs amenable to both ultrahigh vacuum (UHV) surface-science and density
functional theory (DFT) approaches. The general structural motif for the film is provided in Figure
4-1(J Anibal Boscoboinik et al., 2014; Bing Yang et al., 2012). It is important to note that many
small molecules can permeate through the thin-film to adsorb and/or react at the metal support,
and that pristine samples typically contain controllably varied concentrations of Ru-bound O,
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which has been omitted from figure 4-1 for simplicity (J. Anibal Boscoboinik, 2019; Büchner et
al., 2014; J.-H. Jhang & Altman, 2019; Kaden et al., 2014). When growing AlxSi(1-x)O2 films, Al
is found to preferentiallregate to the bottom layer of the structure until fully satisfying
Lowenstein’s rule for that layer at a total bilayer stoichiometry of Al 0.25Si0.75O2. Further
substitution of Al leads to Al-O-Si bridge sites in the top layer of the film, with continued
hexaganol crystallinity observed for Al fractional stoichiometries as high as 0.42 (as determined
by X-ray photoelectron spectroscopy (XPS) (Wagner et al., 1981)) (J Anibal Boscoboinik &
Shaikhutdinov, 2014).
Pioneering infrared reflection absorption spectroscopy (IRAS) work conducted by J. A.
Boscoboinik et al. explored interactions between bases of varied strength with bridging Al-OH-Si
hydroxyl groups to establish both the presence and acidity of such sites at the interface of
Ru(0001)-supported bilayer films following low temperature condensation and subsequent
thermal desorption of a few multilayers of water within UHV (J. Anibal Boscoboinik et al., 2013).
Bridging hydroxyls formed in this way are chemically consistent with the most acidic (and
catalytically active) sites within conventional zeolitic structures (J. Anibal Boscoboinik et al.,
2013), but far less thermally stable than their bulk zeolitic cousins, with complete Si-OD-Al IRAS
signal attenuation noted after heating to ~650 K (vs. T > 800 K in conventional zeolites) (J. Anibal
Boscoboinik et al., 2013; Hoff et al., 2016; Nash et al., 2008). By contrast, recent theory results
suggest that removal of bridging hydroxyls should not be possible on analogous Pd(111)-supported
aluminosilicate thin-films via either dehydration or dehydrogenation at temperatures below 1000
K (J. H. Jhang & Altman, 2019), which is supported by a lack of discernable temperature
programmed desorption (TPD) features attributable to recombinative water evolution at moderate
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temperatures. It is, however, important to note that no definitive identification of bridge-site
specific water (or hydrogen) desorption has been reported at any temperature from Pd(111)supported thin-films, so direct experimental validation in support of any predicted site elimination
pathway remains absent from the literature for these samples. Taken at face-value, the disparity in
Al-OH-Si decomposition behavior at the two bilayer interfaces appears to suggest greater
stabilization of the dehydrogenated film on Ru(0001) relative to Pd(111); presumably due to
increased charge-transfer from the supporting metal in the former case.
Unfortunately, quantitative experimental characterization of bridging hydroxyl group
formation has yet to be reported via any mechanism on either of the previously studied sample
systems, and plausible explanations can be put forth that contradict the primary conclusions drawn
from either of the previous works examining their existence/fate (J. Anibal Boscoboinik et al.,
2013; J. H. Jhang & Altman, 2019). For example, as the authors of the latter work have contended,
it is plausible for the environmental and temperature-dependent appearance and loss of IRASdetected bridging hydroxyl signals to result as a consequence of geometric effects rather than site
formation and elimination on the Ru-supported thin-films (J. H. Jhang & Altman, 2019).
Substitution experiments conducted for the film in both conditions (with and without IRASdetectable bridging hydroxyl stretches) suggest this to be unlikely, however, since several
molecules of varying complexity appear to interact as expected with the bridging hydroxyls, but
only after exposure to samples believed to possess them (J. Anibal Boscoboinik et al., 2013). On
the other hand, it remains equally plausible (from an experimentalist’s perspective) that direct
observation of recombinative water desorption from Pd-supported bilayers has gone undetected
because either: (i) the number of hydroxyl sites formed on the films is relatively small with a TPD
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signature potentially present within the high-temperature tail associated with water escaping
through the film from underlying metal sites, or (ii) bridging hydroxyl sites simply never form on
Pd-supported films via the previously attempted approaches. In the latter case, qualitative
agreement between theory, which predicts an increased adsorption energy for water binding at
either interface of the hydroxylated aluminosilicates, and experiment, which notes an increased
peak temperature for water desorbing from the aluminosilicate samples [vs. pristine SiO 2 or
Pd(111)], provides the primary evidence that bridging hydroxyl sites at least form prior to water
desorption during TPD.
To at least partially address remaining uncertainties pertaining to both the concentration and
stability of Al-OH-Si bridging hydroxyl sites formed on metal-supported aluminosilicate thinfilms via condensation and subsequent thermal desorption of multilayer ice, we have conducted a
comparative set of TPD measurements deliberately tailored to focus on potentially small
differences in water desorption from bilayer SiO2/Ru(0001) and Al0.42Si0.58O2/Ru(0001) in a
temperature range spanning 300 - 1000 K. Of interest to this work is confirming whether thermal
attenuation of Al-OH-Si vibrational signatures previously noted by IRAS correlates with the loss
of water from equivalent samples and establishing estimates for the concentration of sites produced
via this approach to surface hydroxylation. Corroboration of previous results via this approach
may further solidify the perceived importance of the support in stabilizing innate charge
imbalances formed by Al substitution into the aluminosilicate thin-films; something that may then
be leveraged as a means to controllably tailor and better understand how nearby charge
sinks/donors might impact bridge-site stability and chemistry when present within more complex
samples.
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4.2

Materials and Methods

All experiments have been conducted within an ultrahigh vacuum (UHV) chamber with a
base pressure of 1x10-10 Torr and the following host of technical capabilities: physical vapor
deposition (PVD) via electron-beam evaporation of metals from a four-pocket evaporator (SPECS,
EBE-4); ion sputtering (SPECS, IQE-12/38); low energy electron diffraction (LEED; OCI
Vacuum Microengineering Inc., BDL600-LMX); X-ray photoelectron spectroscopy (XPS) using
a dual anode Mg/Al K source (SPECS, XR-50) and 150 mm radius hemispherical energy
analyzer (SPECS, Phoibos 150 MCD), and a differentially-pumped, line of sight quadrupole mass
spectrometer (ExTorr Inc., XT200). To ensure optimal run-to-run/film-to-film comparative
compatibility, all experiments were conducted on the same 8 mm diameter Ru(0001) single-crystal
(Princeton Scientific, 99.999% Ru, ± 0.1°), which was spot-welded to a pair of Ta wires in a
resistive heating configuration at the end of a liquid nitrogen cooled translational/rotational
manipulator throughout the entirety of the work described herein. Sample temperature was
measured using a K-type thermocouple spot-welded directly to the back of the Ru crystal, and
heating ramps were controlled using a PID feedback-controlled DC power supply (PRE-VAC,
HEAT3-PS).
Prior to film growth, Ru was first cleaned by iterative cycles of 1 kV Ar + ion sputtering
and ~1400 K annealing steps (via electron bombardment), with cleanliness established by the
absence of non-Ru peaks in XPS and a sharpening of the (1x1) hexaganol LEED pattern associated
with Ru(0001). SiO2 and AlxSi(1-x)O2 bilayers were grown on the clean support using previously
established procedures reported by others (Jorge Anibal Boscoboinik et al., 2012; Bing Yang et
al., 2012). For the unsubstituted film, this process consisted of: (i) forming a 3O-(2x2) overlayer
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following exposure to 2x10-6 Torr O2 at 1200 K for 10 minutes, (ii) depositing ~1.57x1015 Si/cm2
by PVD within a 1.5x10-7 Torr O2 environment at 100 K, and (iii) again heating to 1200 K in 2x106

Torr O2 for 10 minutes, before allowing the sample to cool to room temperature within the oxygen

environment. A nominally identical process was followed when preparing Al xSi(1-x)O2 bilayers,
albeit with Xx1015 Al/cm2 deposited onto the sample after exposure to (~1.57-X)x1015 Si/cm2 at
100 K.
Once prepared, films were characterized using a combination of XPS, LEED, and low
energy helium ion scattering spectroscopy (ISS) to confirm coverage, stoichiometry, and wetting
behavior in a manner analogous to that described previously for SiO2/Ru(0001) (Bing Yang et al.,
2012). Using that approach, both films are consistent with crystalline bilayer growth and estimated
to be ~1.9 ± 0.1 monolayer equivalents (MLEs) thick, where 2 MLEs represents the total
concentration of Al and Si atoms needed to form a fully completed bilayer structure (~1.57x10 15
total metal atoms per cm2). The aluminosilicate film stoichiometry was found to be Al0.42Si0.58O2
by direct comparison of Al 2s and Si 2p sensitivity-corrected XPS peak intensities (Wagner et al.,
1981). For clarity, we provide equations 4.1-4.3, which have been adapted from those established
in reference (Bing Yang et al., 2012) to estimate film thickness based on relative changes in Ru,
Si, Al, and O XPS intensities upon growth and crystallization.
𝑅𝑢:𝑅𝑢0 −1
−.143

= 𝑥 𝑀𝐿𝐸

[𝑆𝑖+1.17(𝐴𝑙)]:𝑅𝑢
0.010
𝑂:𝑅𝑢−.003
0.120

= 𝑥 𝑀𝐿𝐸

= 𝑥 𝑀𝐿𝐸
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(4.1)
(4.2)
(4.3)

In equations 1-3, Ru0 is the Ru 3d intensity noted from clean Ru(0001) prior to film growth, and
Ru, Si, Al, and O are the Ru 3d, Si 2p, Al 2s, and O 1s intensities noted after film growth.
Prior to TPD, samples were flashed to 1000 K to remove adventitious adsorbates, and
subsequently exposed to 5 L D2O at 120 K. Doses were completed following several freeze-pumpthaw cycles to purify the D2O and with the sample reproducibly placed at an identical position
within a few mm of a ¼” diameter stainless steel directional dosing tube oriented along the surface
normal. Effective doses at the sample surface were calculated to be ~115x larger than those
delivered to the remainder of the chamber by comparing TPD spectra obtained from bare Ru(0001)
after a series of direct vs. back-filled exposures to D2O at 120 K. Similarly, mass spectrometer
(MS) sensitivity was calibrated by integrating the total intensity of m/z+ = 20 amu detected during
a dose-dependent series of D2O TPDs from Ru(0001) and comparing with literature data indicating
a surface coverage of 1.06x1015 D2O/cm2 following a dose of 2.5 L under these conditions
(Schmitz et al., 1987). Finally, run-to-run variations in sensitivity have been corrected by
monitoring the m/z+ = 20 amu MS response while exposing the chamber to fixed partial pressures
of D2O prior to each experiment (as measured by a nude Bayard-Alpert ion gauge present within
the same chamber).
After exposure to D2O, samples were positioned ~2 mm from the 2 mm diameter aperture
at the apex of the differentially pumped MS housing, and m/z+ = 2, 4, 16, 17, 18, 19, and 20 were
iteratively monitored in intervals of ~100 ms per cycle. TPD procedures were deliberately designed
to (i) avoid unnecessarily saturating the MS electron multiplier tube during multilayer desorption,
(ii) provide additional time for removal of residual D2O remaining in the MS housing following
low-temperature desorption of molecularly bound water, and (iii) increase peak intensities
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associated with potentially small amounts of water desorbing above room temperature. To
accomplish these objectives, TPDs were carried out in a three-step process consisting of heating
from 120 – 300 K at ~1 K/s, allowing the sample to cool to 250 K, and then heating from 250 K
to 1000 K at ~10 K/s. Temperature ramps recorded in fixed 0.5 s measurement intervals have been
compared and found to be both linear and indistinguishable from run-to-run.

4.3
4.3.1

Results and Discussion
Sample characterization

Figure 4-2 provides XPS and LEED data recorded from the SiO2/Ru(0001) and
Al0.42Si0.58O2/Ru(0001) samples prepared and used for the series of TPD studies discussed below.
Beginning with SiO2 (brown plots in A and C, and LEED pattern D), we note several
characteristics consistent with those previously reported for bilayer film growth, which include:
(i) an Si 2p peak present near 103 eV, (ii) a bimodal O 1s spectrum with components at ~532 eV
(attributed to oxygen within Si-O-Si framework) and ~530 eV (attributed to free O atoms
chemisorbed at the Ru interface following crystallization), (iii) Ru 3d film:Ru 3dpristine, Si 2p:Ru 3d,
and O 1s:Ru 3d XPS peak ratios (not shown) consistent with a film coverage of ~1.9 MLEs, (iv)
complete Ru peak attenuation measured by He+ ISS (also not shown), and (v) a (2x2) LEED pattern
with brighter (1x1) reflexes and a faint ring (Bing Yang et al., 2012). Taken together, these
characteristics have been used to establish successful growth of the wetted bilayer structure at the
Ru interface.
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Figure 4-2: (A-C) Si 2p, Al 2s, and O 1s XPS spectra obtained from bilayer SiO2 (brown) and
Al0.42Si0.58O2 (green) thin-films grown on Ru(0001). (D-E) LEED patterns obtained from bilayer
SiO2/Ru(0001) (D) and Al0.42Si0.58O2/Ru(0001) (E). 𝐸𝑒 − = 63 eV in both cases.
Following aluminosilicate growth, several changes are noted by both XPS (green plots in
A-C) and LEED (pattern E). By XPS, we note a decrease in Si 2p peak intensity, the presence of
an Al 2s peak at ~119 eV, and a concomitant broadening of the O 1s peak consistent with formation
of Al-O-Si species within the film (Jorge Anibal Boscoboinik et al., 2012; Stacchiola et al., 2006).
Near invariance in O 1s peak intensity measured from film-to-film is consistent with near
equivalent film thicknesses, and both Si 2p peak attenuation and Si 2p:Al 2s peak ratios are
consistent with an Al:Si stoichiometry of 0.42:0.58, which is close to the upper limit for Al
substitution possible within the crystalline bilayer framework (J. Anibal Boscoboinik &
Shaikhutdinov, 2014; Jorge Anibal Boscoboinik et al., 2012; Wagner et al., 1981). LEED taken
from the aluminosilicate thin-film is notably sharper and brighter than that obtained from the SiO2
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film, which has also been noted by others, and is taken to imply improved long-range lateral
crystallinity across the Al0.42Si0.58O2 film (J Anibal Boscoboinik et al., 2014).
4.3.2 Comparative D2O TPD measurements
Figure 4-3A provides TPD data from Ru(0001)-supported SiO2 (brown) and Al0.42Si0.58O2
(green) bilayers following 5 L exposure to D2O at 120 K and a subsequent heating ramp to 300 K
at ~1 K/s. After cooling to 250 K, both samples were heated at ~10 K/s to a final temperature of
1050 K while recording the MS intensity associated with m/z+ = 20 amu (D2O). Total desorption
within this range of temperatures remains small in both cases, with total detected D2O remaining
lower than the already low concentration of 6-membered rings present at the interface of both
samples (~4x1014 cm-2). Because of the low intensity in these spectra, it is impossible to
unambiguously deconvolute D2O contributions arising from the samples relative to those
potentially corresponding to desorption from other Ru-holding components sampled with non-zero
detection probabilities. Nevertheless, it is important to note that each spectrum remains
reproducibly self-consistent over multiple iterations, such that systematic differences observed
when comparing TPDs from both samples persist independent of which iteration of the experiment
is used in either case, which suggests very reproducible (if present) background contributions from
experiment-to-experiment.
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Figure 4-3 : A) TPD spectra recorded following 5 L exposure to D2O at 120 K and subsequent
heating to 300 K for Ru(0001)-supported bilayer SiO2 (brown) and Al0.42Si0.58O2 (green) thinfilms. Thin lines reflect raw MS intensities, while bold lines reflect 15-point boxcar averages of
the raw data. (B) Difference TPD resultant from the spectral subtraction of the boxcar smoothed
data provided in panel A. Smoothed data has been interpolated in 0.1K fixed increments to allow
for subtraction and resultant intensities have been scaled by a factor of 2.5 relative to those in
panel A. (C) Normalized surface concentrations (of bound D2O desorption precursors associated
with the blue and red fits in panel B are plotted as a function of surface temperature (blue and red
traces) and compared to Al-OD-Si IRAS peak attenuation data previously reported by others
(filled black circles) (J Anibal Boscoboinik et al. 2013).
Based on high run-to-run reproducibility for repeated TPDs from nominally identical
samples, the difference spectrum reported in Figure 4-3B is deemed to reflect differences in D2O
desorption from the aluminosilicate thin-film relative to its silica counterpart. Comparing any pair
of spectra recorded from the repeated sets of TPDs taken from both samples always results in
trimodal spectra similar to that shown, with excess desorption indicative of ~3x1013 more D2O/cm2
leaving the aluminosilicate sample, with peaks near 400, 500, and 600 K, and a corresponding
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integrated peak intensity ratio of ~1:1:0.5. Interpretation of these features is made difficult by the
low signals and additional limitations precluding the use of significantly varied heating ramps
and/or controllably varied D2O desorption precursor loadings, which are typically employed to
empirically determine accurate desorption rate prefactors, energies, and orders. In lieu of these
constraints, tentative assignment of features in Figure 4-3B are informed by the Zhuravlev model
for surface chemistry at amorphous silica interfaces, which suggests persistence of hydrogenbound molecular water at terminal Si-OH sites up to temperatures approaching 600 K (Zhuravlev,
2000). The presence of strongly bound water on hydroxylated aluminosilicates is supported by
recent DFT investigations of unsupported bilayers (J. H. Jhang & Altman, 2019) and reports of
significantly increased desorption of water in similar temperature ranges from anorthositic,
feldspar-rich Lunar samples representative of highland regions of the moon (vs. that observed from
basaltic mare samples) (Poston et al., 2015).
Assigning the two lower temperature peaks to desorption of molecular water from hydroxyl
sites unique to the Al0.42Si0.58O2 bilayer results in first-order desorption energies of Edes ≈ 1.0 and
1.3 eV when using an assumed desorption prefactor of υ = 1013 s-1 (Kaden et al., 2012), which is
towards the upper limit for values commonly used to interpret water desorption from simple binary
oxides (Gun’ko et al., 1998; Henderson, 1996; Nelson et al., 1998; Stirniman et al., 1996). Note,
that every 10x decrease in υ, correlates to an ~7% increase in Edes associated with a given
desorption temperature. The remaining feature at T peak ≈ 600 K corresponds with a second-order
desorption energy of Edes ≈ 1.6 eV, which is significantly higher than values reported elsewhere
for desorption of molecularly bound water (J. H. Jhang & Altman, 2019; Zhuravlev, 2000), but
also much lower than that expected for recombinative desorption of bridging hydroxyls from
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conventional zeolites (Hoff et al., 2016), or predicted from unsupported (and Pd(111)-supported)
bilayer aluminosilicates (~3.6 eV) (J. H. Jhang & Altman, 2019).
To help assign a mechanism responsible for the final peak in Figure 4-3B, we have plotted
the fraction of gas-phase water precursor associated with each peak type (blue vs. red) remaining
adsorbed as a function of temperature during TPD in Figure 4-3C. Also included in this figure is
replotted IRAS data indicating relative Si-OD-Al vibrational peak intensity as a function of
temperature on a nominally equivalent Ru(0001)-supported bilayer aluminosilicate thin-film
(plotted as closed circles) (J Anibal Boscoboinik et al., 2013). It is important to point out that IRAS
intensities were not measured at the indicated temperatures but were instead recorded at a common
lower temperature after heating to each of the indicated points. Because of this difference, loss of
IRAS intensity due to desorption processes might be expected to slightly lead those noted in
corresponding TPD measurements due to the effectively slower heating/cooling rates experienced
near the reported values in the former experiments. By the same token, full depopulation of a given
site might be expected to simultaneously lag that noted by TPD due to the potential for readsorption
during cooling prior to IRAS characterization. Subject to these caveats, the previously reported
IRAS data shows no evidence of Si-OD-Al site loss from 300 – 500 K, which further supports our
assignment of the two low temperature TPD features to desorption of molecularly bound water
species (i.e. not recombining OD groups, which is something that we have thus far only presumed).
Interestingly, a previously unexplained initial rise in bridging hydroxyl IRAS intensity noted
within this temperature range may be attributable to the removal of these hydrogen-bound
molecules from the Al-OD-Si sites that very likely accommodate their presence (J. Anibal
Boscoboinik et al., 2013).
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At higher temperatures, we note strong temperature-dependent correlation between loss of
the Al-OD-Si vibrational signature measured by IRAS and desorption of water associated with the
final comparative TPD feature peaking at ~600 K (red fits and plots). Leveraging preponderance
of evidence, we take this result to provide validation for the ~600 K recombinative desorption site
elimination mechanism previously reported by others for this thin-film system (J. Anibal
Boscoboinik et al., 2013) and estimate a total Al-OD-Si site concentration of ~1.3x1013 cm-2 based
on the integrated intensity of this TPD feature (note that this OD surface concentration corresponds
to a desorbing D2O peak intensity of ~6.5x1012 molecules/cm2 based on the mechanics of second
order recombinative desorption).
To the extent that the lower temperature TPD peaks are limited to desorption of hydrogen
bonded water from Al-OD-Si sites, we may conclude that each additional hydroxyl facilitates
adsorption of 2 additional water molecules, with one becoming more stabilized than the other prior
to desorption. This conclusion is derived from the ~4:1 TPD intensity ratio noted when comparing
the aggregate size of the blue peaks to that of the red one in Figure 4-3B and the fact that two
protonated bridge sites are required for the second order recombinative desorption of every one
water molecule, whereas molecularly-bound water has a 1-to-1 correspondence between the
number of bound and desorbing molecules following first order desorption. A generalized
conceptual depiction of the three postulated desorption pathways leading to the presence of each
new TPD feature is provided in Figure 4-4
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Figure 4-4: Conceptual representations of the sequential D2O desorption processes attributed to
interactions associated with the presence of Al-OD-Si within the Al0.42Si0.58O2 film. Initially,
each protonated bridge site accommodates two hydrogen bound water molecules, which desorb
at different temperatures (~400 and 500 K), with the second desorption channel reflecting
molecules that either: (i) bind in more stable initial adsorption configurations (not depicted), or
(ii) relax into more stable adsorption configurations as a result of the first desorption process (as
depicted). Following molecular desorption of hydrogen bound water, bridging hydroxyl groups
recombine and lead to the desorption of one water molecule for every two protonated bridge sites
at ~600 K.
Compared with the ~2.7x1014 Al/cm2 expected to be present at the surface of our film, we
note an apparent ~5% likelihood for formation and detection of bridging hydroxyl sites via
multilayer condensation and subsequent desorption; a probability that becomes significantly
smaller if bottom layer Al-O-Si sites are assumed to participate with equal likelihood as
protonation and recombination sites (~2%). To differentiate these possibilities, a second
aluminosilicate film was grown, but with only enough Al substituted to satisfy Lowenstein’s rule
for the first (bottom) layer (i.e. ~3.9x1014 Al/cm2). Since the Ru supported films are known to first
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saturate all possible Al sites within the bottom layer before integrating into the top layer, this film
should have no Al sites present at the silicate-vacuum interface (J. Anibal Boscoboinik &
Shaikhutdinov, 2014). D2O TPD spectra were recorded from this Al0.25Si0.75O2/Ru(0001) sample
and compared to those observed from an SiO2/Ru(0001) bilayer film created on the same sample
continuously held within the sample holder throughout both sets of experiments. As shown in
Figure 4-5, systematic variation in the TPD signature detected from the two samples is no longer
distinguishable relative to noise the threshold associated with the measurements. From this we
conclude that all three features observed in Fig. 4.3B are unequivocally linked to the presence of
Al sites substituted into the top-layer of the film, most likely via formation of Al-OD-Si sites not
possible at the SiO2 termination.

Figure 4-5: TPD spectra analogous to those provided in Fig. 3 for D2O desorption from bilayer
SiO2 (brown), bilayer Al0.25Si0.75O2 (green), and the difference between the two (black). The
difference spectrum is again multiplied by a factor of 2.5 for consistency.
We speculate that the low concentration of bridging hydroxyls at the Al0.42Si0.58O2 interface
may relate to the high acidity and low stability of these sites (in comparison to their properties
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within other zeolite systems). More specifically, all three effects may simply reflect improved
stabilization of deprotonated structures as a result of enhanced charge-transfer between support
and film for bilayers grown on Ru(0001) (J. H. Jhang & Altman, 2019; Rybicki & Sauer, 2015).
Alternatively, the low concentration of bridging hydroxyls produced on the supported
aluminosilicate by desorption of condensed water, which happens to be very near to that reported
for defect-mediated silanol formation on pristine SiO2/Ru(0001) (~1x1013 cm-2 (B Yang et al.,
2013)), may provide some insight into the bridging oxygen protonation mechanism under our
conditions. For example, suppose that bridge site protonation is dependent only on the
concentration of surface D, but water cleavage only takes place via silanol formation at native
defects. In this case, bridge site formation is limited by the number of silanols created upon
desorption of condensed phase water (see Figure 4-6), which is consistent with our quantitative
TPD observations and comparisons of silanol vs. bridge site IRAS intensities following low
temperature water exposures taken from the literature (typical peak ratio of ~1:1) (J. Anibal
Boscoboinik et al., 2013). More robust proof of this proposed protonation mechanism might be
established by attempting protonation using atomic hydrogen species (like low energy H/D+ for
example), which should allow for increased bridging hydroxyl formation if abundance of cleaved
hydrogen is limiting under the conditions used in this work.

Figure 4-6: Proposed scheme for concomitant defect-mediated silanol formation/bridge site
protonation reaction mechanism
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4.3.3 TPD following electron irradiation of D2O/SiO2/Ru(0001)
Previous work has shown that electron bombardment of condensed ice can facilitate
additional SiO2 hydroxylation via water cleavage and subsequent OH attack at Si centers present
in pristine SiO2 bilayer films (Kaden et al., 2016; B Yang et al., 2013; Yu et al., 2016). Following
sufficient exposure to electrons accelerated to EK ≥ 100 eV, newly formed isolated silanols result
in new desorption features peaking near 1000 K, and typically yield surface concentrations similar
to that for those spontaneously formed upon water condensation at innate defect sites (≥ 1x1013
cm-2) (Kaden et al., 2016).
As a proof of concept for the comparative TPD measurements used to isolate and quantify
the bridging hydroxyls present on the aluminosilicate films discussed in section, we have carried
out a series of TPD experiments on the Ru(0001)-supported SiO2 bilayer both with and without
irradiating the full surface area of the ice-covered sample with 100 eV electrons. In our case,
electron beam exposure was maintained at a given portion of the sample until full recovery of the
(2x2) LEED pattern, which initially disappears following exposure to 5L D2O at 120 K. Results
from this set of experiments are plotted in Figure 4-7 in a manner completely analogous to that
described in the discussion of Figures 4-3A & 4-3B. Upon examination of the data in Figure 47A, it is clear that systematic differences exist between the irradiated (red) and non-irradiated
(brown) samples at high temperatures (Tdesorb > 900 K). Indeed, the integral area of the highest
temperature feature shown in the difference spectrum in Figure 4-7B is consistent with the
recombination of ~2.5x1013 silanol groups/cm2, which shows good agreement with past results,
and further bolsters the quantitative analysis applied to the bridging Al-OD-Si features discussed
in previous section (Comparative D2O TPD measurements). Interestingly, two peaks again show
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up between room temperature and 500K, where hydrogen-bound molecular water is expected to
desorb from silicates. Relative to the amount of water recombinatively desorbing at higher
temperatures, we see far less molecular water remaining on the silica sample after electronbombardment than was noted following Al substitution in previous section (Comparative D2O
TPD measurements). This, in addition to the relative absence of significant geminal or vicinal OD
contributions to the TPD signature (500 K < Tdesorb < 800 K), is taken as evidence for significantly
increased electron-mediated desorption of the more strongly bound molecular water species, and
some of the more weakly bound hydroxyl groups, via our approach to electron irradiation (relative
to less-controlled procedures outlined in previous works that result in far more intense low
temperature desorption features (Kaden et al., 2016)).
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Figure 4-7: (A) TPD spectra recorded from bilayer SiO2/Ru(0001) samples following exposure
to 5L D2O at 120 K, with (red) and without (brown) subsequent 100 eV e- irradiation sufficient
to fully recover the (2x2) LEED pattern produced by the uncovered oxide prior heating to 300 K
at 1 K/s. Thin lines reflect raw MS intensities, while bold lines reflect 15-point boxcar averages
of the raw data. (B) Difference TPD resultant from the spectral subtraction of the boxcar
smoothed data provided in panel A.
4.4

Conclusions

By direct comparison of D2O TPD spectra obtained from bilayer SiO2/Ru(0001) and
Al0.42Si0.58O2/Ru(0001), we have identified and quantified three distinct features unique to water
interactions with the aluminosilicate polymorph. Assigning the highest temperature feature (Tdesorb
≈ 600 K) to recombinative desorption of water from Al-OD-Si bridge sites provides excellent
agreement with previous results documenting the loss of such sites by IRAS. Two lower
temperature peaks (Tdesorb ≈ 400 and 500 K) have been assigned to desorption of molecular water
present at bridging hydroxyl sites and appear to represent sequential desorption of 2 molecules
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from each hydroxyl. This conclusion is supported by the continued existence of these features
when deliberately forming different hydroxyl sites by electron bombardment of supported ice
layers on Al-free samples. Quantitative characterization of integrated peak areas suggests
inefficient formation of such of Al-OD-Si sites on Al0.42Si0.58O2/Ru(0001), with concentrations
estimated to represent only ~5% of the total surface Al concentration, and two possible
rationalizations have been put forward to better understand why bridge site protonation remains
limited: (i) Strong Ru-film charge-transfer interactions act to significantly stabilize innate charge
imbalances present in the deprotonated version of the film, which has been put forward by others
to rationalize the low thermal stability and increased acidity associated with bridging hydroxyls
present on the AlxSi(1-x)O2/Ru(0001) system. (ii) Bridge site protonation may require dissociated
hydrogen atoms, which may, in turn, only form via silanol formation at native Si defects following
water adsorption. Differentiation of the above possibilities will require additional studies using
more direct protonation sources, such as pre-dissociated hydrogen, for example.
As a model system for zeolite chemistry, this work reaffirms the importance of the support
(i.e. Ru vs Pd) in tuning the chemical properties (i.e. stability and acidity) at the modeled active
sites. Leveraging these interactions can provide a proxy for investigations of various chargetransfer effects presumed to relate to the presence of different cationic species doped within
common classes of minerals relevant to geochemical processes, such as water evolution on air-less
bodies. In the context of this latter application, establishing improved fundamental understandings
of materials-dependent thermal and electron-mediated condensation, desorption, decomposition,
and reaction processes will be important to better modelling the fate of water and its derivatives
under both day and night space-weathering conditions.
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TPD STUDY OF ROCK SAMPLES: ALBITE AND
ANORTHITE
5.1

Introduction

Experimental data for lunar apatite samples (Saal et al., 2008), extraterrestrial remote sensing
(Clark, 2009; Pieters et al., 2009; Sunshine et al., 2009), and Earth-based spectroscopic data
(Casey, 2020) confirm the existence of water on the Moon. Furthermore, previous studies show
mineralogical-, temperature- and diurnally-dependent variation in the distribution of water and/or
hydroxyl groups across the Moon’s surface. Pieters et al. (2009), Sunshine et al. (2009), Clark et
al. (2009), McCord et al. (2011), and Wӧhler (2017) suggested greater OH/H 2O adsorption depth
in the lunar highland area compared to the mare. More recent results showing a redder slope in the
164-173 nm region from the LAMP far ultraviolet spectroscopic mapping of highland regions of
the lunar surface further affirm increased hydration vs. mare regions while bolstering a thermally
driven mechanism for redistribution of hydroxyl concentration via iterative site-dependent
desorption and subsequent chemisorption of molecular water over time following repetitious
exposure to solar radiation (Hendrix et al., 2012, 2019). Mechanisms providing for the perpetual
regeneration of hydroxyl feedstocks via proton implantation and trapping during exposure to solarwind are well established in the Lunar research literature (McCord et al., 2011; Pieters et al., 2009;
Sunshine et al., 2009; Zeller, 1966)(Dyar et al., 2010; Starukhina, 2006). While a coarse-grained
kinetics simulation-based entirely on the formation and subsequent desorption/chemisorptionbased migration of water resulting from recombination from hydroxyl groups created via H +
implantation at the surface of a mineralogically homogeneous lunar model clearly captures the
general distillation of water species towards the polar regions (Jones et al., 2018), the employed
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surface modeling approach provides no means to access the causality of mineralogicallydependent variations in hydroxyl concentrations as a function of longitude at common latitudes.
Moreover, recent results from SOFIA providing direct observation of otherwise impossibly large
concentrations of mineralogically trapped water on the sunlit surface of the moon make clear the
importance of additional mechanisms for water implantation and sequestration beyond simple
recombination and desorptive/adsorptive migration of water species derived from continuously
replenished hydroxyl sites (Casey, 2020).
Among the findings highlighted in the previous chapter, the apparent importance of local
environment on [Al-O-Si]--D+ site stability is among the most interesting from a lunar
geochemistry perspective. Whereas defect-localized silanol groups (Si-OD) present in our bilayer
thin-films exhibit properties largely consistent with those noted from unsupported silicates (i.e.,
vicinal group recombination with desorption barriers (E desorption) of ~1.6 eV and isolated group
recombinative Edesorption values ranging from ~2.4-2.7 eV (Kaden et al., 2016; Zhuravlev, 2000),
our data for recombination of water from Al-OD-Si bridge sites within bilayer AlxSi(1x)O2/Ru(0001)

thin-films (Edesorption ≈ 1.6 eV) show notable differences relative to analogous

thresholds predicted for nominally identical films grown on Pd (E desorption > 3 eV (J. H. Jhang et
al., 2017) and those experimentally observed from analogous sites present within structurally
equivalent bulk hydrogen-cationated zeolites (H-ZSM-5, Edesorption ≈ 2.2 eV (Nash et al., 2008).
The current consensus, at least for the Ru-supported films (literature detailing hydroxyl
characteristics on the Pd supported version is far more limited), is that weaker Al-OD-Si site
stability exhibited by the bilayer (vs. bulk analogues) reflects increased electronic stabilization of
the deprotonated Al-O-Si sites (i.e., charge-transfer from Ru more effectively compensates the
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inherent charge imbalance caused by partial substitution of Al for Si within the tetragonal silicate
structure through the ultra-thin bilayer film (Dhar et al., 2020; Rybicki & Sauer, 2015).

Figure 5-1: Unit cell models depicting structural differences presented by a), b) (top, side views)
an Al0.5Si0.5O2/Ru(0001) analog of the bilayer films discussed in the previous chapter, c) albite
(Na0.25Al0.25Si0.75O2), and d) anorthite (Ca0.25Al0.5Si0.5O2). Atomic positions are represented by
grey spheres (Ru), red spheres (O), blue spheres (Na+), purple spheres (Ca2+), green tetrahedra
(Al), and brown tetrahedra (Si).
Interestingly, second-order recombinative desorption of water was previously observed by
others from micronized albite lunar simulant across a range of desorption energies reasonably
consistent with that observed from our AlxSi(1-x)O2/Ru thin-film sample (~1.6-1.8 eV; (Poston et
al., 2013). While the authors of that work attributed this peak to recombining vicinal silanol groups;
species that are most certainly expected to be present and contribute to desorption features at
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temperatures corresponding to this Edesorption, our group contemplated whether the presence of
charge-compensating cations distributed throughout the structural framework of plagioclase
felspars, which make up the bulk of the lunar simulants, might lead to isolated Si-OH-Al groups
also contributing to desorption in the same temperature range through increased stabilization of
the deprotonated bridge sites via a mechanism analogous to that used to account for unexpectedly
lower temperatures for desorption from these sites on the Ru-supported thin-film. The importance
of distinguishing between these possibilities is highlighted in Figure 5-1, which depicts structural
comparisons of the aluminosilicate bilayer films discussed in Chapter 4 and end-members of the
plagioclase felspar solution series encompassing mineralogy common to the lunar surface. While
vicinal silanols are clearly possible near defects and silica-rich inclusions, the majority of the lunar
surface is known to be anorthositic in nature (Jolliff et al., 2000); meaning Si-O-Al sites should
represent the statistically most likely configuration amenable to protonation following hydrogen
implantation via continuous day-time exposure to solar-wind interactions since every SiO4
tetrahedron should exclusively adjoin nearest-neighbor [AlO4]- tetrahedrons through shared
bridging oxygens (and vice-versa) within pure anorthite. This is important for two reasons: (1) If
more ubiquitous, a fundamental understanding of key local properties governing possible
variations in the strength of Al-OH-Si bridging hydroxyl groups will have the greatest potential to
inform future efforts dedicated to simulating the thermally driven formation and migration of water
across different regions of the moon; (2) By extension, an improved understanding of the
relationship between surrounding structure and geochemistry at such sites may provide a rational
basis for approaches potentially leading to controllably improved sequestration and/or release of
water and its precursors through deliberate modification of indigenous lunar materials. For
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example, if past results indicating similarly low recombinative desorption barriers for water
evolution on albite-derived lunar simulants and our metal-supported thin-films reflect similar
degrees of deprotonated bridge-site stabilization within common aluminosilicate frameworks, then
the presence and specific nature of charge-compensating cations within indigenous regolith may
provide a potential means to tune this property via ion-exchange processes to yield avenues for
improved water farming operations during future exploration and colonization missions. For
perspective, using the power law model developed by Redhead to correlate desorption rates to
activation energies (see equation 1; (Redhead, 1963), the rate for water formation expected from
Al-OH-Si sites at peak Lunar temperatures (~400K) will result in complete conversion and release
of every available surface-bound hydroxyl present over a given surface-area of material in 1 earth
day if using the barrier present for our Ru-supported thin-film (vs. 150,000 years if using that
present within H-ZSM-5 zeolites) when using a prefactor of  = 1013 s-1 (as established in Chapter
4).

𝑟𝑑
𝑁𝑠

=−

𝑑𝜃𝐴
𝑑𝑡

= 𝑘0 𝜃𝐴𝑛 𝑒

−𝐸𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
)
𝑘𝑇

(

(1)

For Equation 1, rd is the rate of desorption for species A, NS is the concentration of adsorption
sites, A is the fractional surface coverage associated with species A, n is the reaction order (i.e.,
zeroth-order for coverage-independent desorption, first order for unimolecular desorption, or
second order for two-atom recombinative desorption), Edesorption is the activation energy needed for
desorption of species A, k is the Boltzmann constant, and T is the temperature in Kelvin.
In addition to past work highlighting the presence of hydroxyl groups bound in
configurations with moderate recombinative desorption energies at the surface of albite-derived
116

lunar simulants, Poston et al. have also published interesting temperature programmed desorption
(TPD) results comparing different water interactions observed on recovered lunar soil obtained
from both basaltic mare (lunar sample 12001) and anorthositic highland (lunar sample 72501)
regions of the Moon (Poston et al., 2015). While results from the highland sample were
predominantly consistent with those obtained from the albite-derived simulants discussed above,
very different behavior was noted in water TPDs taken from the mare sample. Whereas the
highland sample contained a high capacity for adsorption of molecularly chemisorbed water with
first-order desorption energies extending up to ~1.2 eV (as would be expected for a high surfacearea OH-terminated surface based on the discussion of our results in Chapter 4), the mare sample
exhibited excessively low capacities for adsorption of even the most weakly-bound chemisorbed
molecular water (Edesorption <0.6 eV). Despite being difficult to fully and quantitatively rationalize
the mare results without a detailed materials characterization of the physical properties associated
with the explicit portions of the returned sample used for the reported TPD experiments, a
qualitative loss in capacity to bind strongly chemisorbed water can be rationalized in light of the
discussions provided for our thin-film samples in Chapter 4. Compared to the highland sample,
the mare sample is known to possess greater iron and lesser aluminum content. Unlike our results
from AlxSi(x-1)O2, previous TPD investigations of water at defect-laden, single-crystalline hematite
surfaces results in facile recombination of hydroxyls to form water vapor near room temperature
when using modest heating rates (Hendewerk, 1986). Due to the relatively weak thermal stability
associated with hematite-bound hydroxyl groups, upper limit desorption thresholds for hydrogenbonded water molecules become limited by the energy needed to recombinatively remove the
hydroxyl anchor sites from the surface. To the extent that the exposed surfaces of the more mafic
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mare sample were more hematite-like and less feldspar-like, an overall loss in the adsorptive
capacity for more strongly bound configurations of water is exactly what one would expect. By
extension, one might expect similar effects to result from other common constituents of the more
mafic regions for the same reasons (Tdesorption for recombinative desorption from both Ti-OH and
Mg-OH sites also occur near 300 K at modest heating rates (Luo et al., 2014; Stirniman et al.,
1996)). Combining all of this information leads to a cohesive and observationally valid
understanding of the broad-strokes trends in water coverage across the Moon’s varied mineralogy.
Following strict proton implantation and thermal adsorption/desorption mechanisms for hydroxyl
formation and subsequent water migration, mare regions defined by increased mafic compositions
will be expected to recombine and desorb hydroxyl groups as rapidly as they form under conditions
consistent with temperatures on the sunlit surface of the moon. As a result of the near-instantaneous
loss of hydroxyl groups, mafic sites will also be less effective at trapping and retaining water vapor
in the form of molecular condensates, which is consistent with lunar mapping trends showing less
hydroxyl concentration in mafic mare regions of the Moon. For exactly opposite reasons, hydroxyl
concentrations are expected to be higher in feldspathic highland regions, despite exhibiting slower
rates of water formation through recombination. Viewing the mare as a comparative “water
source” and the hydroxylated highlands as a comparative “water sink,” the perspective derived
from Chapter 4’s conclusions leads one to anticipate abnormally high OH concentrations (vs.
latitudinal expectation values) at interfaces forming the mare-highland boundaries. Indeed, a
careful analysis of the M3 results from Chandrayaan-1’s lunar mapping provides evidence
consistent with this expectation around the rim delineating the boundary between mare and
highland at the edge of the Endymion crater (53.6 °N, 56.5 °E), where abnormally high OH
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concentrations are detected at unexpectedly low latitudes in feldspathic regions directly adjacent
to the more mafic crater (Pieters et al., 2009).
In an interest to interrogate potential practical implications arising from extrapolations of
postulates derived from our thin-film results, we have subsequently undertaken a series of related
D2O TPD experiments on thin slices extracted from purchased anorthite (CaAl2Si2O8) and albite
(NaAlSi3O8) samples, which have been explicitly selected to investigate what, if any, differences
might arise as a function of the different type (Na+ vs. Ca2+) and relative concentration (vs. Al and
Si) of the compensating cationic species. Intuitively, we might expect Na present near protonated
Al-OD-Si sites to more aggressively compete with exchanged deuterium (hydrogen) ions as a
consequence of its lower Pauling electronegativity and the requisite degree of chargedelocalization needed to satisfy its respective bond-order within the resulting charge-balanced
mineral structure (i.e., individual Na+ ions only need to coordinate with half the sites required from
individual Ca2+ ions to achieve charge compensation throughout the mineral).

5.2

Materials and Methods

All experiments were done in a UHV chamber (base pressure ~3x10-10 Torr). The UHV
chamber is equipped with X-ray Photoelectron Spectroscopy (XPS), a differentially pumped
Quadrupole Mass Spectrometer (QMS) isolated from the chamber by an ~2 mm conical aperture,
a ¼” directional dosing tube, and heating stage used to controllably vary sample temperature
(measured using a K-type thermocouple epoxied directly to the back of the mineral samples using
a UHV-compatible CeramabondTM 503 adhesive). Samples consisted of ~7x7x5 mm3 slabs of
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minerals nominally purporting to consist of anorthite (supplied by UCF’s Exolith Lab) and albite
(purchased from Ward’s Science) and were mounted to an electrically isolated pair of Ta resistive
heating wires using a rigid Ta foil used to mechanically confine the sample within the sample
holder present at the end of a cryogenically cooled, x, y, z,  manipulator. Figure 5-2 provides
pictures of the mineral slabs depicted before (albite) and after (anorthite) placement within the
sample holding configuration connected to all feedthroughs required to controllably heat and
record sample temperature in situ.

Figure 5-2: (left) albite, wrapped with Ta foil for with an alumel-chromel K-Type thermocouple
glued directly to the back of the sample, (right) anorthite, pictured mounted within the sample
holder stationed at the end of the sample manipulator.
Due to the atypically high surface area resulting from unusually high surface roughness
and non-negligible sample porosity, both samples were first rigorously outgassed at 750 K over a
period of several hours until achieving only minimal changes in base pressure while heating. 750
K was chosen as a result of trial and error, showing this to be the highest temperature that we could
consistently heat the sample without encountering routine technical failures associated with the
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sample holding components and thermocouple contacts. Prior to TPD, D2O purified via several
freeze-pump-thaw cycles to remove volatile contaminants and produce an eventual in m/z+ 20:18
ratio > 0.7 while leaking the nominally deuterated water into the chamber under UHV conditions.
Once cleaned, direct doses were first calibrated against TPD intensities arising from a series of
dose-dependent backfill exposures to the same samples. Once calibrated, each sample was
subsequently flashed to 700 K to remove adventitious adsorbates before exposure to a stepwise
series of increasing direct doses ranging from 0.2-64 L at a temperature of 150 K (1 L = a local
exposure to 1x10-6 Torr•s). After dosing, samples were immediately positioned within ~1 mm of
the QMS differential pumping aperture before linearly heating from 150-700 K at β = 2K/s, while
regularly collecting m/z+ = 20 QMS intensity and temperature data in iterative 0.5 s intervals.
The XPS measurements were made using an Al Kα X-ray source (Specs, XR-50) coupled
with a hemispherical energy analyzer (Specs, Phobios 150). Both survey scans and high-resolution
regional scans were taken for each analysis. The high-resolution scans were taken at 20 eV pass
energy. Due to the sample's non-metallic nature, the C1s peak position (and width) exhibited for
adventitious carbon (binding energy = 284.80 eV) was used to correct charging contributions to
the binding energy values for all other recorded spectra. While not discussed below, all peak shifts
and width variability was attributable to indirect changes surface the dielectric properties of the
near-surface sample region resulting in variable charging effects as a function of experimental
condition (including when covering the sample with several multilayers of condensed ice, which
resulted in a quite clear attenuation of all non-oxygen features detected from the sample).
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5.3

Results and Discussion

5.3.1 Sample characterization
XPS characterization identified the primary elements in anorthite and albite as Na, Ca, Al,
Si, O, and C. After outgassing at the sample at 750 K within UHV over the course of several days,
O and C intensities decreased, and all remaining features shifted toward lower binding energies
(indicative of a reduction in surface charging during measurement). Annealing to 750K was meant
to alleviate anticipated complications expected in subsequent TPD measurements as a result of
exposure to laboratory conditions prior to entrance into the UHV apparatus.
Table 5-1 provides the chemical composition of the mineral samples, excluding O 1s and C 1s
data.
Table 5-1: Surface composition vacuum annealed minerals by XPS (at %)
Sample

Albite

Anorthite

Si

56.1

38.3

Al

29.5

27.5

Na

9.8

13.5

Ca

4.6

20.8

Albite Ca0.218Na0.458Al1.379Si2.621O8
Anorthite Ca1.264Na0.821Al1.672Si2.238O8
The binding energies were measured with XPS for the albite and anorthite samples. It is
found that binding energy for Si 2p and Al 2s decreases from albite to anorthite. The XPS
measurement process for peak shifts for feldspars is ambiguous as the shifts are in the range of
122

0.2-0.3 eV, which is in the range of spectral resolution of XPS equipment. Despite the
difficulties, the in-details XPS study of different feldspars was reported before to explain the cation
contribution in resulting peak shifts in Si and Al (Kloprogge & Wood, 2015). In the current study,
the pretreated (outgassed under UHV chamber at 750 K for few days) albite and anorthite samples
show that the elements in anorthite reduced more than that of albite. The trend of this reduction
matches with previous results (Kloprogge & Wood, 2015). One of the possible reasons is the high
concentration of Al in anorthite that brings more negative charges to the structure/sample.
Furthermore, the peak shift effect is more in Si than Al (figure 5-3), which can be explained by
Lowenstein’s rule.

Figure 5-3: XPS spectra for Si and Al in albite (blue) and anorthite (red). The peaks for Si and Al
are reduced in anorthite compared to albite. The effect of peak shift is more in Si than Al
5.3.2 TPD study: Desorption features of D2O from the rock samples
TPD experiments of pretreated (heated up to 750 K) samples are shown in figures 5-2 and 5-3.

123

Figure 5-4: D2O-TPD spectra for albite; 0.2 - 64 L of D2O exposure (left), D2O-TPD spectra for
anorthite; 0.2 - 64 L of D2O exposure (right)
Figure 5-4 shows the TPD data for the D2O adsorbed albite and anorthite samples. D2O
was adsorbed at 120 K. A series of TPD data were collected for 0.2 L to 64 L of D2O exposures.
There are mainly three desorption features observed for both samples. At low exposure (< 2 L), a
broad feature is observed for albite and anorthite. This broad peak is assigned as the molecularly
desorbed (1st order desorption) water and consistent with previously observed molecular desorbed
water from albite lunar simulants. All the molecular adsorption sites are filled up at low exposures
(< 2 L), and there is not enough water to make multilayer peaks. But, as the doses increase above
2 L, we can see an additional peak at low temperature with 1st order desorption peaks. The lowtemperature peak can be attributed to zeroth-order (or multilayer) peak as the leading edges for the
doses (2 L - 64 L) align, and the temperature increases with the increasing doses.
The third desorption feature is observed above 700 K. The blow-up figure (figure 5-5) at the
high-temperature region clearly shows the leading edge of the 3rd peak for albite and anorthite.
This high-temperature feature indicates the presence of germinal and vicinal hydroxyl groups
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adjacent surface sites (Souza & Pantano, 2002). A similar but comparatively low-temperature peak
has been observed by Poston (Poston et al., 2013) from the TPD study of albite. According to
(Souza & Pantano, 2002), this high-temperature feature can be assigned as the 2nd order
recombinative desorption peak.

Figure 5-5: High temperature (recombinatively desorbed) feature for D2O-TPD spectra for albite
(left) and for anorthite (right)
From the analysis of TPD features for the two samples – albite and anorthite, it is found
that the temperatures corresponding to the multilayer desorption features are a bit higher for
anorthite than albite. This difference could be due to the slight discrepancies in temperature
measurements by the thermocouples versus the temperature measurement of the sample. But the
discrepancy observed here is not large in terms of absolute temperature relative to literature values
of multilayer water. Therefore, taking into account the data at face values, we have calculated the
desorption activation energies for albite and anorthite using Redhead analysis given in equation 1
by fitting the leading edge curve for recombinative desorption peaks. It has come out that anorthite
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has higher desorption activation energy (~ 2.9 eV) than albite (~2.12 eV). The molecularly
desorbed water also shows a broader range of peaks for anorthite (~165 – 630 K) than albite (~165
– 590 K). This 1st order broad desorption feature is consistent with the previously reported water
interaction study of albite (Poston et al., 2013).
The lower value for desorption activation energy for albite (compared to anorthite) ties
with the lower electronegativity of Na+; the lower electronegativity facilitates facile charge
compensation during proton exchange and results in less stable hydroxyls. On the contrary, in
anorthite, Ca2+ is more electronegative, and thus less charge compensation happens on the sample
surface, resulting in higher stability of hydroxyls. Another proposition in explaining the charge
compensation process and thereby thermal stability of hydroxyls can be given by the relative
concentration of Al in the mineral structure. Table 5-1 listed the relative abundance of Al and Si
in anorthite and albite. The ratio for Al to Si is higher in anorthite than albite. Now, as the trivalent
Al brings a negative charge to the mineral structure, the higher amount of Al brings more negative
charges in anorthite. The effect of negative charges can be observed in anorthite from XPS (e.g.,
Si and Al in figure 5-3). The elements (Si, Al, O) in anorthite are more reduced than the elements
of albite. The reduced environment in anorthite needs more charge compensating species which is
compensated by deuterium from D2O during adsorption. Therefore, hydroxyls are more stable in
anorthite compared to albite.
The possible shift of chemisorption peak in different cation-rich feldspar minerals has been
suggested by previous work (Hibbitts & Szanyi, 2007; Szanyi et al., 2004). A polymorphically
equivalent to albite can help to precisely understand the cationic contribution in the chemisorption

126

behavior of the feldspar minerals. The alkali metal column of the periodic table can be explored to
observe if the trend between 2nd order desorption energy and electronegative of the compensating
cation atom continues. The cation exchange procedure was described by Nash and Marshall (V.
Nash & CE, 1956). The procedure can be used to form polymorphic structures where the Al to Si
ratio will be the same, but the cations will be different. In this process, a salt treatment was adopted
to form different cation-rich feldspars by exchanging the cations among different feldspars, e.g.,
using the ammonium chloride solution, Na can be replaced by K (potassium) in albite (NaAlSi3O8)
structure.
Finally, if we want to compare the TPD results between the aluminosilicate thin film
(discussed in chapter 4) and the rock samples, we can see rock samples and the thin film both have
the Al-OD-Si sites, but the OD sequestration mechanism is different. This difference could be due
to the competitive interaction between the charge compensating species within the structure and
the proton from the water. The charge compensating species are coming from the Ru support in
the case of thin aluminosilicate film. In the case of rock samples, the charge species are Na+ and
Ca2+. More investigations are needed to understand the contribution of compensating charge
species. The inclusion of the study of more felspar rock minerals with better control and detailed
understanding will lead us to have a better idea about the strongly bound hydroxyls to the minerals
on the Moon surface and, therefore, the water sequestration processes associated with those
minerals.
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5.4

Conclusions

The desorption nature and the desorption activation energy are important parameters to
predict the water desorption features and water concentration in the feldspar minerals in the Moon
by applying the desorption activation energy values in modeling the lunar water dynamics. TPD
is a standard and very useful technique in surface science to have a better understanding of the
water desorption features from the rock samples. Here we conducted the D2O-TPD study of two
lunar simulants - anorthite and albite. Although it is not established the difference in desorption
nature for albite and anorthite in our scope of the study firmly, the D2O-TPD study clearly indicates
that the higher values for desorption activation energies and the presence of strongly bound
hydroxyls for both lunar simulant samples. As the albite and anorthite have different cations (Ca2+
and Na+) and also different Si to Al ratio, the study of polymorphic lunar simulants (with same Si
to Al ratio and) with different cations is needed to narrow down the contribution of charge
compensating species in the water species sequestration for the feldspar minerals. In addition to
the study of polymorphic lunar simulants, we also have a plan to understand the protonation
mechanism of the bridging hydroxyl (Al-O-Si) sites. In this work, we have used the water
condensation process to protonate the bridge sites. But solar wind (or H+) implantation is the
possible process of hydroxylating the lunar rock samples. Thus, our next attempt will be the
protonation of bridging sites with H+ implantation on the lunar rock samples and observe the
difference in the protonation mechanism, hydroxyl concentration, and water desorption behavior.
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CONCLUSIONS AND FUTURE WORKS
Ultrathin films have been used as a model system due to their applications in different
fields, such as catalysis, biomedicine, renewable energy, energy conversion, etc. Even surfacescience investigations are going on for minuscule details of big-scale bodies, like, planetary bodies.
Epitaxial thin film growth is one of the film growth processes that has wide acceptance because of
its unique properties. In the epitaxial process, thin-film growth and thus their properties can be
modified by tuning the film growth conditions. The control over structural-chemical modification
can provide the materials with desired properties and mechanistic understanding of thin film’s
surface chemistry to understand the complex phenomena more clearly on an atomic scale.
In this thesis, epitaxial thin films have been attempted to grow on the single-crystalline
metal substrate. These thin films are interesting because of their novel properties introduced with
low dimensionality and by the proximity of metal support. First Au film on Ta substrate has been
studied. Epitaxial Au film was grown on Ta with the physical vapor deposition (PVD) method and
characterized with surface-science techniques within the UHV chamber. XPS and LEED tell that
a fully wetted, crystalline Au(100) film grown on Ta substrate. The Au/Ta system can be used to
test its compatibility in ORR. Based on the computational predictions, other AE/MS systems can
be prepared using surface science tools within the UHV chamber and tested for ORR activity. The
next film that attempted to grow is ceria. The ceria film prepared on Ag(100) single crystal
substrate via PVD is studied using XPS, ISS, and LEED. The crystallization temperature of 623 K
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was found to result in island growth of ceria on Ag support. As the LEED pattern shows that the
surface is terminated with (100) plane, the pattern of the island could be (100) or amorphous. Other
metallic substrates, like, bimetallic metals can be a good candidate to attempt the wetted
CeO2(100) film growth.
The next work is related to the study of the water sequestration mechanism on the Moon
surface. In 2009 NASA confirmed the presence of water/OH on the Moon surface. This
confirmation brings several questions regarding the formation and evolution of water/OH on the
Moon surface. In this thesis, the basis of the water sequestration mechanism has been studied for
feldspar minerals with the surface science approach. The basic structure of feldspar minerals is the
aluminosilicate structure. Thus a bilayer, hexagonal aluminosilicate thin film has been grown on
Ru(0001) single crystal with PVD process. The protonated bridge sites (Al-OD-Si) found in the
film through the D2O (heavy water) condensation process are studied with TPD. The TPD study
shows two molecularly desorbed water peaks at 400 and 500 K, and one recombinatively desorbed
peak at 600 K. These findings imply that the desorption activation energy for the water binding
sites is up to 1.6 eV for the recombinative desorption process. These desorption activation energy
values are useful to use in the accurate modeling of the concentration of adsorbed water on the
feldspar minerals. This study also reaffirms the cationic contribution from the support material
(Ru) in controlling the chemical properties of the hydroxyl sites, and this finding suggests a further
DFT study to understand the metal support contribution in hydroxyl evolution processes. As
discussed in chapter 4, different hydroxylation processes for the Al-O-Si sites (other than the water
condensation process) will be approached with H+/D+ soft landing on the surface of the
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aluminosilicate thin film; this experiment can provide more information about the protonation
mechanism.
The cationic contribution in the model aluminosilicate film inspires to investigate the water
evolving process for two different feldspar minerals - Na+-rich albite and Ca2+-rich anorthite. D2OTPD study of the rock samples shows three desorption features of different peak shapes and
positions compared to the model aluminosilicate thin film. The hydroxyls are found to be more
strongly bound to the water adsorption sites in the rock samples (above 700 K). The future work
for this project includes H+ implantation on the rock samples, which will resemble the protonation
mechanism on the lunar surface and give us insight into the protonation mechanism with the water
condensation process. The study of variation of cations with the same aluminum to silicon ratio
can give more idea about the charge species (cation) contribution in water species evolution.
Finally, the exploration of the possible methods by which the indigenous mineral can be modified
can tell us the water chemistry to suit the needs of future human exploration.
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